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The aim of this project is to introduce chirality onto surfaces of transition 
metal nanoparticles. Chirally modified metal nanoparticles were synthesized by two 
methods: i) a one-step method involving pre-preparation of chiral potassium xanthates 
and use of these xanthates for synthesis of gold and silver nanoparticles; ii) a two-step 
method related to esterification of chiral alcohols with mercaptoundecanoic acid 
(MUA)-capped gold nanoparticles and chiral phosphate with mecaptoundecanol 
(MUO)-capped gold nanoparticles. The products were characterized by Transmission 
Electron Microscopy (TEM), X-ray Diffraction (XRD), Electron diffraction (ED), 
Nuclear Magnetic Resonance (NMR), Infrared spectroscopy (IR), Ultraviolet\Visible 
(UV\Vis) spectroscopy, Mass spectroscopy (MS), and Elemental Analysis (EA). 
Vibrational circular dichroism (VCD) spectra of L-menthylxanthate gold and silver 
nanoparticles were predicted by DFT computations. 
Xanthates were found to play the role as not only a good capping agent but 
also a phase transfer catalyst (PTC) in the biphasic system synthesis of gold and silver 
nanoparticles. It can be used as a contaminant-free substitute for both alkylthiol and 
TOAB in the conventional Brust-Schiffrin synthesis of metal nanoparticles.   
Esterification of chiral alcohols with (HOOC-) MUA-capped gold 
nanoparticles was conducted under mild condition by utilizing Benzotriazol–1–
yloxytris(dimethylamino)phosphonium. Primary and secondary alcohols were 
demonstrated to form esters with MUA-capped gold nanoparticles. 
Esterification of chiral phosphates with (HO-) MUO-capped gold 
nanoparticles was conducted in the presence of PPh3/CCl4 as catalyst. The effect of 
chain length of the co-capping agent on the extent of the ligand exchange reaction and 
yield of esterifications were examined. 
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CHAPTER 1. INTRODUCTION 
 
1.1 Nanoscience and nanotechnology 
In the last two decades, “nanoscale” science and technology, including the studies 
of objects and systems in which at least one dimension is 1-100nm, has emerged as a 
modern research field. Fabrication, characterization and manipulation of artificial 
nanometer structures are the main topics in broad areas of research such as physics, 
chemistry, engineering, materials science, and molecular biology. The breath of nano 
research field can be briefly illustrated in Figure 1.11. Nanostructures which are 
dispersions and coatings, high surface area materials, functional nanodevices or 
consolidated materials can be created by assembly from nanoscale “building blocks” 
(e.g., nanoparticles, cluster, nanolayers) that are themselves synthesized from atoms and 
molecules.  
Chemistry which based on building and breaking bonds between atoms has been 
playing an important role in the construction of not only various “building blocks” but 
nanostructures as well. The development of new chemically synthetic methods has 
provided useful tools to produce nanostructures with many types of shapes (spheres, rods, 
wires, half-shells, cubes) and compositions (organics, metals, oxides, and 
semiconductors). Examples are nanocrystals, nanowires, nanotubes and block 
copolymers. All of these new structures are regarded as nanomaterial.  
The reason for the scientific importance and fascination of nanomaterials is their 
small size. Nanomaterials have dimensions between sizes of atoms or small molecules 
and “microscale” structures used in microtechnologies (i.e., microelectronics, photonics, 
MEMS, and microfluidics). The nanometer dimensions of these systems are often smaller 
than the characteristic length scales that define the physical properties of materials. 
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Consequently, many interesting and useful physical behaviors which are based on 
quantum or subdomain phenomena can be exhibited (e.g., electron confinement2, 3, near-
field optical effects4, electron tunneling5-7, ballistic transport8, superparamagnetism9, 10, 
overlapping double layers in fluid11). Thanks to these novel properties, nanomaterials 
have been applied in chemistry and materials science as catalysts, sensors, in medicine as 
components of system for drug delivery, in electronic and optical devices. 
Among many types of nanomaterial, metal nanoparticles and studies about them 
have significantly contributed to the development of theory and practice of nanoscience 
and technology. Currently, metal nanoparticle synthesis is one of main themes in this 
research field and chirally modified metal nanoparticles are attracting much attention. 
Functionalization of metal nanoparticles with chiral molecules is challenging work 
because most chiral compounds are not suitable to be used as reagents to directly prepare 
nanoparticles. Therefore, there is a need to change the structure of the chiral molecule to 
meet the demand but still keep its chirality. This work presents methods to prepare 
chirally modified metal nanoparticles and predicts their vibrational circular dichroism. 
 
1.2 Metal nanoparticles 
1.2.1 Introduction 
Metal nanoparticles are small particles of metallic elements, principally transition 
metals, in the 1nm to 100nm size range. When a metal particle has size of a few dozen or 
a few hundred atoms, the density of states in both valence and conductivity bands 
decreases and hence, the separation between the bands increases. In nanoparticles, the 
quasi-continuous density of states is replaced by a discrete energy level (Figure 1.2)12, 13.  
Nanoparticles or nanoclusters are often called colloidal particles; however, modern 
transition-metal nanoparticles differ from classical colloids in several important aspects. 
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In general, they are: a) smaller (1-10 nm in diameter) than classical colloids (>10 nm), b) 
isolable and redissolvable c) soluble in organic solvents (classical colloid chemistry is 
typically aqueous) and d) have a well defined composition. Additionally, metal 
nanoparticles have: e) narrower size dispersions, f) clean surfaces, and g) reproducible 
synthesis.  
Metal clusters are constructed by successively packing layers, or shells, of metal 
atoms around a single metal atom to form full-shell, or “magic number” clusters. The 
total number of metal atoms, per nth shell is given by the equation: 10n2 +2 (n>0). Thus, 
the full-shell metal clusters contain a total number of atoms of 13 (1+12), 55 (13+42), 147 
(55+92), 309, 561, etc.14 Figure 1.3 shows the cubeoctahedron structure full-shell “magic 
number” clusters. It is apparent that when the number of atoms increases, the relative 
amount of surface atoms decreases. 
In previous centuries, colloidal metals have captured the interests due to their 
aesthetic and technological value as pigments. Moreover, they were believed to have less 
well documented alchemical and therapeutic properties. Colloidal gold, whose color 
ranges from bright red-pink color to grey-blue, was utilized for the coloring of glass and 
ceramics, and its solutions were prescribed as tonics and elixirs. Although its medical 
properties were vague, gold solution was founded as a treatment for arthritis.15 In around 
two decades to present, main interests in studies of colloidal metal are the search for 
synthetic methods to prepare metal particles which are stabilized in low nanometer size 
range (1-30nm), the application of characterization methods to identify the potential 
novelty of the particles (structural methods, electronic properties, surface chemistry), and 





1.2.2. Formation and growth of metal nanoparticles 
The first experiments of Michael Faraday to prepare gold sols in the mid-nineteenth 
century16 have triggered the metal colloid science. According to Faraday, the deep red 
solutions obtained by reduction of chloroaurate [AuCl4-] solution using phosphorous as 
the reducing agent is the testimony of the formation of colloidal gold.  Many methods for 
the preparation of colloidal metals have been developed over the years since Faraday’s 
experiments. Turkevich et al. proposed the mechanism for the formation of nanoparticles 
that consists of nucleation, growth and agglomeration which is presented in Figure 1.4. In 
nucleation, zerovalent metal atoms formed after reduction of the metal salt. These atoms 
can collide in solution with metal ions, other metal atoms or clusters, to form an 
irreversible stable nucleus. The diameter of the nucleus depends on the strength of the 
metal-metal bonds and the difference between the redox potentials of the metal salt and 
the reducing agent applied17. These nuclei become larger during the growth process and 
in the presence of a stabilizing agent (e.g. citrate), they finally form agglomerated 
particles. 
The crucial point in the preparation of colloidal metals is the stabilization of 
particles in liquid because metal particles are unstable with respect to agglomeration in 
the bulk. Two particles which are very close would be attracted by Van der Waals forces. 
This attractive force is inversely proportional to sixth power of the distance between the 
surfaces of particles. Consequently, in the absence of repulsive forces, an unprotected sol 
would coagulate. In order to prevent aggregation, the passivation of colloidal particles can 
be normally achieved by introducing electrostatic stabilization or steric stabilization.18 
Electrostatic stabilization can be explained in terms of an electrical double-layer. 
Figure 1.5 schematically shows the mechanism of nanoparticle stabilization by 
electrostatic force. At moderate interparticle distances, the potential energy is at weak 
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minimum (position No.4 in Figure 1.5) and particles are at stable arrangement since there 
is equilibrium between attractive and repulsive forces. If the two particles are at a very 
short distance that leads to very high energy of attraction, the electrical double layer will 
provide electrostatic repulsion to prevent particles from agglomeration. The ability to 
passivate colloidal particles by electrostatic stabilization depends on ionic strength of the 
dispersing medium and concentration of surface ions. When the ionic strength increases 
sufficiently, an electrostatically stabilized sol still can be coagulated because the double 
layers are compressed and hence the repulsion range is shortened. Concentration of 
coating molecules is also a critical point. By adding a more strongly binding neutral 
adsorbate, the surface charge is reduced and hence the influence of the Van der Waals 
attractive force increases which causes colloidal particles to collide and agglomerate. 
A second method to prevent colloidal particles from aggregation is the adsorption 
of large molecules. Polymers, surfactants or ligands were found to be good adsorbates to 
make a protective layer on the surface of particles. Figure 1.6 illustrates the steric 
stabilization of metal colloid particles. As particles approach each other, these adsorbed 
large molecules intermingle and in so doing they lose a degree of freedom. This loss of 
freedom can be expressed as a reduction in entropy, which, based on thermodynamics, is 
unfavorable. Therefore, the particles are provided an essential barrier to prevent further 
attraction. The fundamental requirement of steric stabilization is that the chains are fully 
solvated by the medium. This is important because it means the chains will be free to 
extend into the medium, and possess the mentioned freedom. Polymers are widely used as 
adsorbate, and it is apparent that these polymers must not only coordinate to the particle 
surface, but also be adequately solvated by the dispersing medium. Gelatin and agar, 
which originate from nature, were used to the first choice before being substituted 
recently by synthetic polymers which can be used as stabilizers such as cellulose acetate, 
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cellulose nitrate19, and cyclodextrins20. Not as large as polymers, surfactants or ligands 
such as phosphines21 or alkane thiols22-24, disulfides25-27 and dithiocarbamates28-30  were 
found to have ability to stabilize metal colloid particles due to their high attraction with 
metal. This opens the ways to introduce chirality from small chiral molecules onto metal 
surface because most chiral compounds are not suitable to be used as a stabilizer. By 
incorporating chiral molecules with these functions, chiral compounds can be affiliated to 
metal nanoparticles. 
 
1.2.3 Synthesis of metal nanoparticles 
Metal nanoparticles can be synthesized by both physical methods (e.g., thermal 
decomposition, photochemical methods, sonolysis and metal vapor synthesis) and 
chemical methods (e.g., synthesis in microemulsions, micelles, reverse micelles, vesicles, 
and under ligand stabilization). Details in those kinds of synthesis can be found from the 
literature31, 32. This section will review only the synthesis of gold (Au) nanopaticles under 
the stabilization of surfactans or ligands. 
 
1.2.3.1 Two-phase method 
The ability of thiols with different chain lengths to stabilize AuNPs was first 
reported in 1993 by Mulvaney and Giersig33. One year later, a new method for AuNPs 
synthesis introduced by Brust et al. - which is now often be called “Brust-Schiffrin 
method” or “two-phase method” -  has had a considerable impact on the overall field22.  
The Brust-Schiffrin method allowed the facile synthesis of stable AuNPs with low size 
dispersity and especially, size controllability. These AuNPs have diameter ranging 
between 1.5nm and 5.2 nm and can be repeatedly isolated and completely redissolved in 
common organic solvents. The properties of AuNPs prepared by Brust-Schiffrin method 
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were extraordinary compared to products of previous works at that time. Up to now, this 
is the most preferred method to prepare AuNPs. Tetrachloroaurate [AuCl4-] is firstly 
transferred to toluene using tetraoctylammonium bromide (TOAB) as the phase-transfer 
catalyst.  In the presence of dodecanethiol in organic phase, the  prepared thiol-gold 
complex is reduced by aqueous solution of NaBH422. The reduction of gold makes the 
organic phase change color from orange to deep brown within a few seconds. The size of 
AuNPs essentially depends on reduction conditions. Smaller particles are achieved when 
using larger thiol/gold mole ratios. Furthermore, fast reductant addition and cooled 
solutions produced smaller, more monodisperse particles. Other sulfur ligands such as 
dithiosulfide or dithiocarbamate can also be used to passivate metal nanoparticles by this 
method. Although this is the mild and facile method to synthesis colloidal metal particles, 
the product is not pure due to the introduction of the phase transfer reagent (TOAB) 
which can not be completely cleaned from gold nanoparticles. Schiffrin reported the 
purification of dodecanethiol-stabilized AuNPs from TOAB impurities by Soxhlet 
extraction34; however, it is not an applicable process for small amount of metal 
nanoparticles. If very high purity is not demanded, Brust-Schiffrin method is a perfect 
way to prepare AuNPs. 
Ligand exchange is a modified process of two-phase synthesis in which either 
strong or weak ligands (e.g., thiols, DMAP, citrate, triphenylphosphine) of the pre-
prepared gold nanoparticles are exchanged by strong ω-funtionalized ligands (thiols). By 
using this method, a new functionality is introduced onto gold nanoparticles. Among 
different kinds of replacement, thiol-thiol exchange attracts more attention because of the 
slight difference between the incoming and outgoing ligands and hence the nanocrystals 
retain their properties. Dynamic studies show that rates of exchange reactions are fit to 










                                              (1.1) 
where θ is the fractional surface coverage of the incoming thiol, A is the final fractional 
coverage, k is the rate constant, and t is time of reaction. The reaction rate is independent 
of incoming ligand concentration (i.e., zero-order reaction), therefore the incoming ligand 
concentration only affects the extent of reaction. The rate decrease with time reflects the 
approach to equilibrium rather than a changing rate constant and hence, a complete 
exchange is not possible36. 
 
1.2.3.2 One-phase method 
 Citrate reduction of AuCl4- is a one-phase synthesis of gold nanoparticles in which 
sodium citrate acts as both reducing and stabilizing agent and gold chloride are dissolved 
in water37.  Although this is a fast and convenient method to produce gold nanoparticles, 
it cannot be used for other types of ligands (e.g., thiols, disulfides, dithiocarbamates) 
because these ligands are insoluble in water. Another method to prepare gold 
nanoparticles stabilized by thiols is the one-phase synthesis carried out in methanol as 
solvent and sodium borohydride as reducing agent38. However, methanol is not an ideal 
solvent for the broad variety of ω-functionalized alkane or arenthiols because of solubility 
issues. Yee et al. introduced a single-phase method to prepare gold and also platinum, 
iridium39, 40 nanoparticles which uses tetrahydrofuran (THF) as solvent and Lithium 
borohydride (LiBH4) as reducing agent. Reducing agent is soluble in organic solvent and 
thus can be washed away. This method allows the formation of aliphatic and aromatic 
thiol-functionalized gold nanoparticles which cannot be prepared by the usual two-phase 
synthesis or the one-phase synthesis in methanol. The advantage of this one-phase 
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method compared to the two-phase method is the surfactant-free condition and products 
obtained have no persistent contamination. However, LiBH4 is expensive and highly 
moisture-sensitive; therefore the reduction must be conducted in inert atmosphere. 
 
1.2.3.3 Synthesis of funtionalized metal nanoparticles 
 - One-step approach 
 Functionalization is a challenge in synthesis of gold nanoparticles. One-step 
approach involves the pre-preparation of functionalized ligands which are used to prepare 
gold nanoparticles via direct capping or ligand exchange reactions. The functionalized 
ligand is normally a thiol which often has highest possibility to link to gold due to the 
“soft-soft” interaction between sulfur and gold. Direct capping in some cases is not a 
good method to prepare ω-functionalized gold nanoparticles because the functional part 
of ligands can be easily oxidized by AuCl4- or reduced by sodium borohydride during the 
synthesis of gold nanoparticles. Therefore, ligand exchange is the more favored method to 
produce ω-functionalized gold nanoparticles. However, the preparation of ω-
functionalized thiol is often complicated and requires sophisticated techniques, especially 
for chiral thiols. Figure 1.7 shows a typical process to prepare chiral bisoxazonline-
derived thiol41 which needs up to six reaction steps to reach the final product.  The 
obtained thiol is then exchanged with pre-prepared hexanethiol -gold nanoparticles to 
achieve to the desired product.  
 Besides the difficulty of preparation of chiral thiols, ligand exchange is an 
equilibrium reaction; therefore the final product is not fully covered by the desired chiral 
molecule and hence not at high purity. Thus, there is a need to have another kind of 




 - Two-step approach 
Two-step approach involves the pre-preparation of simple ω-funtionalized gold 
nanoparticles such as HOOC- or HO-AuNPs by either two-phase, one-phase or ligand 
exchange method and then linking them with the desired molecules via coupling reactions 
(e.g., esterification, amidation or Diels-Alder reaction)42-45. Because gold nanopaticles are 
sensitive and easily aggregates under harsh conditions such as high temperature, high 
acidity or basicity, the coupling reaction must be conducted in mild conditions. Moreover, 
the reaction should have high yield and easy workup to reduce impurity.  Figure 1.8 
shows possible reactions can be conducted to modify gold nanoparticles. 
 
1.2.4. Applications of metal nanoparticles 
Metal nanoparticles were used as catalysts41, 46-50, chemical and biological 
sensors51-55, single-electron transistors, electrical connects or conductive coatings56-58. All 
of these applications are based on the small size of nanoparticles. For examples, metal 
nanoparticles were used as heterogeneous catalysts whose catalytic ability depends on 
total surface area of the particles. Because of their very small size, their surface area is 
large and hence they are very high performance heterogeneous catalysts. Recently, 
chirally-modified metal nanoparticles which combine chirality and nano-scale property 
are developed to be used as enantioselective catalysts in asymmetric synthesis. The first 
example was reported by Lemaire and co-workers in which Rhodium nanoparticles 
stabilized with a chiral amine were used in the hydrogenation of substituted arenas59. The 
hydrogenation of ethyl pyruvate is a typical reaction in study of enantioselective reaction 
catalysed by metal colloids. Platinium colloids stabilized with many agents (e.g. 
dihydrocinchonidine salt, PVP and modified with cinchonidine) were tested in this 
reaction and showed high enantioseletivity60-64. Asymmetric allylic alkylation of rac-3-
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acetoxy-1,3-diphenyl-1-propene with dimethyl malonate is another reaction that is studied 
under the catalysis of palladium nanoparticles (Figure 1.9). The catalyst was 
demonstrated to give >95% enatiomeric excess in II and 89% of enantiomeric excess in 
the remaining substrate I at 56% of conversion65. From these results, it is believable that 




 The term chiral is used to describe an object that is non-superposable on its mirror 
image. When used in the context of chemistry, chirality usually refers to molecules. Two 
mirror images of a molecule that cannot be superposed onto each other are referred to as 
enantiomers or optical isomers. Figure 1.10 illustrates two optical isomers which are not 
identical with its mirror image. 
Here are some properties of enantiomers66: 
- Enantiomers have identical physical properties such as boiling points, melting 
points, refractive indices, and solubilities in common solvents except optical rotations.  
- Enantiomers have identical infrared spectra, ultraviolet spectra, and NMR 
spectra if they are measured in achiral solvents.  
- Enantiomers have identical reaction rates with achiral reagents.  
- Enantiomers show different behavior only when they interact with other chiral 
substances: 
i) Enantiomers show different rates of reaction toward other chiral molecules.  
ii) Enantiomers show different solubilities in chiral solvents that consist of a 
single enantiomer or an excess of a single enantiomer.  
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iii). Enantiomers rotate the plane of plane-polarized light in equal amounts but in 
opposite directions. This property of a chiral compound is called optical activity.  
 
1.3.2. Theory of chirality 
 Spectroscopy is a tool for the study of chiral molecules. There are two types of 
chiroptical measurements: optical activity (polarimetry) and circular dichroism 
spectroscopy.  Optical activity is the rotation of linearly polarized light by chiral media 
and commonly performed at the Na line at 589nm. When wavelength is variable, this 
technique is called optical rotatory dispersion (ORD). The rotation angle, δ, depends on 
the difference in the refractive index of the sample from left and right circularly polarized 
light (nl-nr). Circular dichroism is an absorption method and measured as the difference 
between the absorption by a sample of left versus right circularly polarized light (∆ε = εl – 
εr, where ε is the molar extinction coefficient) 67. Modern ORD and CD spectrometers 
operate in the ultraviolet and visible regions of the spectrum, and hence measure 
electronic transitions. In practice, CD and ORD are of little use in studying molecules 
which do not have chromophores that respond in UV/Vis region. 
 When conducted in the infrared regions of the spectrum, vibrational transitions are 
excited in the molecule, and vibrational CD (often called VCD) is obtained. VCD is 
rapidly becoming a useful method for absolute molecular structure determination in 
solution when chiral species are involved. VCD is defined as the difference in absorption 
by a chiral sample of left versus right circular polarized Infra Red (IR) radiation, ∆A = AL 
- AR where AL and AR are the absorbances of left and right circular polarized IR, 
respectively. The difference ∆A can be quite small because the magnitudes of both AL 
and AR are relatively similar. The intensity of a VCD band is directly proportional to the 
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rotatory strength and is given by the imaginary part of the scalar product of the electric 
dipole, µ0n and magnetic dipole, m0n, transition moments 
).Im().Im( 0000 ψψψµψµ mmR nnnnOn
rr
==
             (1.2) 
where Im implies that the imaginary part is to be taken, since the magnetic dipole 
operator mr  is purely imaginary quantity. The magnetic dipole operator is the sum of the 
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where  m and ip
r
, are the mass and momentum of the ith electron, and MI, and IP
r
 are the 
mass and momentum of the Ith nucleus. According to Eq. 1.2, the rotatory strength is 
positive or negative depending on the angle between the two transition vectors. If the 
angle between the vectors is less than 90°, it is positive whereas it is negative or equal 0 if 
the angle is greater than 90°or equal to 90° (or when either µ0n or m0n, is zero). 
The rotatory strength is proportional to the intensity of the VCD absorption band 









                            (1.4) 
where ∆ε is the difference in extinction coefficient and is related to absorption according 
to Beer's Law. 
 The theoretical computation of VCD requires evaluating the electric and magnetic 
transition moments. To date, VCD, as an electronic ground state property, can be 




1.4 Chirally modified metal nanoparticles 
1.4.1 Introducing chirality onto metal nanoparticles 
 Goldsmith et al. demonstrated that optical activity could arise from an achiral 
metal core perturbed by a dissymmetric field originating from the chiral organic shell68. 
Figure 1.11 shows chemical structures of chiral molecules inducing optical activity on 
metal Nps. According to previous work, optical activity of AuNPs depends on their size69-
71
. An explanation for the tendency of decreasing optical activity with increasing particle 
size is simply the increase configurational space for larger particles (larger number of 
metal atoms and ligands), and thus the increased probability of multiple energy minima 
on the potential–energy surface. An increasing number of conformers leads to decreased 
observable optical activity as positive and negative bands of different conformers average 
out. 
 
1.4.2 Vibrational Circular Dichroism calculation of metal nanoparticles 
 Experimental vibrational circular dichroism (VCD) spectra are useful to identify 
the chirality of a molecule. However, to deduce the structure of the molecule, VCD 
calculation is necessary. By checking the agreement between experimental and calculated 
VCD spectra, conformation of the molecule can be determined. VCD calculation is often 
performed using Density Functional Theory method (DFT). The selection of B3LYP or 
B3PW91 funtional is the tradeoff between accuracy and computational cost. In case of 
investigating simple chiral molecules, B3LYP is a good choice for VCD calculation. 
Basis set is chosen depending on whether the atoms in the molecule under investigation 
are heavy or light atoms. For heavy atoms like Au , LANL2DZ basis set is prefered72 
whereas 6-31G (d,p) is used for light atoms73. Therefore, VCD spectrum of chirally 
modified metal nanoparticles can be predicted by performing a DFT-B3LYP/B3PW91-
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LANL2DZ calculation. For ligands composed of light atoms, a DFT-B3LYP/B3PW91-6-
31G(d,p) is sufficient to give accurate information of their structure. 
 
1.5. SCOPE OF WORK 
This work is about the synthesis and characterization of chirally modified metal 
nanoparticles. As mentioned above, there are two approaches to synthesize functionalized 
metal nanoparticles which are one-step and two-step preparations. In this dissertation, we 
present the synthesis of chirally modified metal gold nanoparticles based on both these 
methods.  
For one-step synthesis, the prepared capping agents are xanthates derived from 
hexylalcohol (non-chiral), L-menthol and S-perillylalcohol (chiral).  Xanthates have both 
polar and nonpolar parts in their structure and hence they are anionic surfactants. In 
principle, this kind of chemicals can also play the role as a phase transfer catalyst. We 
expected to use xanthates as a substitution for alkylthiol + Phase transfer catalyst (PTC) 
in conventional biphasic synthesis of metal nanoparticles. By doing this, the prepared 
metal nanoparticles will not have consistent impurities due to the presence of PTC. 
Specifically, gold and silver nanoparticles were prepared with xanthates as capping agents 
in CHCl3/H2O solvent without using any PTC. The synthesis details will be introduced in 
Section 2.1.2 of Chapter 2 and the results will be presented in Chapter 3. 
For two-step synthesis, we conducted esterification of funtionalized gold metal 
nanoparticles with chiral compounds. Two types of esterification were performed: i) 
esterification of MUA-capped gold nanoparticles (HOOC-R-Aun) with chiral alcohols (L-
menthol and S-perillyl alcohol), ii) esterification of MUO-capped gold nanoparticles 
(HO-R-Aun) with chiral phosphate ((S)-(+)-1,1’-Binaphthyl-2,2’-diyl hydrogenphosphate 
(BDHP)). We expected to link funtionalized gold nanoparticles with these chiral 
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compounds to obtain chirally modified gold nanoparticles. Because of the high sensitivity 
to the aggregation of gold nanoparticles, the esterification must be conducted in mild 
conditions. Therefore, a mixture of BOP (Castro reagent) and DMAP was used in the 
esterification of MUA-capped AuNPs with chiral alcohols; triphenyl phosphine (PPh3) 
and tetrachloro methane (CCl4) were used as reagents in the esterification of MUO-
capped AuNPs with BDHP. Esterification using these reagents can be conducted in very 
mild conditions and give high yield. The synthesis details will be introduced in Section 
2.1.3 and 2.1.4 of Chapter 2 and the results will be presented in Chapters 4 and 5. 
All of the metal nanoparticle products were characterized by Nuclear Magnetic 
Resonance Spectroscopy (NMR), Fourier Transform Infrared Spectroscopy (FTIR), 
Ultra-Violet/ Visible Spectroscopy (UV/Vis), Mass Spectroscopy (MS), Elemental 
Analysis (EA), X-Ray Diffraction (XRD), Electron Diffraction (ED) and Transmission 
Electron Microscopy (TEM). These characterization methods will be introduced in 
Section 2.2 of Chapter 2. The chirooptical property of one typical product was predicted 
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Figure 1.1. Organization of Nanostructure Science and Technology1 
 




Figure 1.3. Cubeoctahedron structure of full-shell “magic number” clusters74. 
 
 














Figure 1.5. Electrostatic stabilization of metal colloid particles 
A. Electrical double layer repulse particle 
B. Potential energy curves between two particles 
 
Figure 1.6. Steric stabilization of metal colloid particles75 
 
 Reagents and conditions: (a) KOH, H2O-EtOH = 1:3 v/v, reflux, 4 h; (b) SOCl2 (2.2 equiv), reflux, 
3 h; (c) (R)-2-phenylglycinol (2 equiv), Et3N (2 equiv), CH2Cl2, rt, 12 h; (d) MsCl (2 equiv), Et3N (2 equiv), 
CH2Cl2, rt, 16 h; (e) n-BuLi (1.1 equiv), -78 0C, THF; (f) Br(CH2)10Br (4equiv), rt, 6 h; (g) MeCOSK (1.1 
equiv), DMF, rt, 15 min; (h) NaOH, MeOH, rt, 15 min. 
 
Figure 1.7. Preparation of chiral bisoxaline-derived thiol41 











 Figure 1.8. Modification of gold nanoparticles76.  
a) Ligand-exchange reaction. b), c) and d) SN2 Substitution and Coupling reaction.  
e) and f) Polymerization 
 










Figure 1.11. Chiral molecules inducing optical activity on metal nanoparticles77. 
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CHAPTER 2. EXPERIMENTAL SECTION 
2.1 Synthesis of chirally modified metal nanoparticles 
2.1.1 Chemicals 
Hydrogen Tetrachloroaurate HAuCl4.3H2O, 99.99%, Alfa Aesar. 
Silver nitrate AgNO3, 99.9%, Strem Chemicals. 
Sodium borohydride NaBH4, 98%, Alfa Aesar. 
Hexyl alcohol, 98%, Sigma-Aldrich. 
 L- Menthol, 99%, Alfa Aesar. 
(S) - (-) - perillyl alcohol, 96%, Sigma-Aldrich.  
Carbon disulfide CS2, 99.7%, Merck.  
Potassium hydroxide KOH, 98%, Goodrich Chemical Enterprise. 
11-Mercapto-undecanoic acid MUA, 95%, Sigma-Aldrich. 
N-Methylmorpholine NMM, 99%, Alfa Aesar. 
Benzotriazol–1–yloxytris(dimethylamino)phosphonium BOP, 98%, Alfa Aesar. 
4-(Dimethylamino)pyridine DMAP, 99%, Fluka. 
1-Dodecanethiol 98+%, Sigma Aldrich. 
1-Octanethiol 98%, Alfa Aesar 
11-Mercapto-1-undecanol MUO, 98%, Sigma Aldrich. 
6-Mercapto-1-hexanol MCH, 97%, Sigma Aldrich. 
(S)-(+)-1,1’-Binaphthyl-2,2’-diyl hydrogenphosphate BDHP, 98%, Strem Chemicals. 
All chemicals were used as received. All solvents were purchased from typical 
commercial sources and were used without further treatment. Water was supplied by 
Millipore water system. 
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2.1.2 Xanthate-capped Gold and Silver nanoparticles 
2.1.2.1. Preparation of xanthates 
Potassium xanthates were prepared by a modified Tchugaev method1, 2. Typically, 
30ml solution of 1-hexanol (0.02mol) and KOH (0.02mol) in diethyl ether was bubbled 
with nitrogen to remove moisture. The mixture was stirred for 30 min to dissolve part of 
the base and form a finely divided suspension of the remainder. CS2 (0.03mol) was added 
dropwise while keeping temperature of the mixture below 300C. After stirring the 
mixture for three hours, yellow precipitate was filtrated out and washed with diethyl 
ether. Yield is high for all alcohols, around 80% or above. 
 
2.1.2.2. Preparation of xanthate-capped gold and silver nanoparticles 
In general, preparation of gold or silver nanoparticles capped by xanthates 
includes two steps. The first step involves preparation of gold or silver xanthates 
complexes. The second step is reduction of the complex in a biphasic system 
(CHCl3/H2O) by sodium borohydride (NaBH4) dissolved in water. Figure 2.1 shows 
reaction scheme for preparation of gold and silver nanoparticles. 
- Preparation of gold–xanthate nanoparticles.   
Gold- xanthate complexes were prepared by mixing 6 equivalent of the desired 
Potassium xanthate and 1 equivalent of HAuCl4.3H2O in ethanol3. The mixture solution 
quickly became white-yellow cloudy. Solvent was evaporated under vacuum until dry 
and the residual yellow solid was added 40ml of CHCl3 and 10ml of water. The reaction 
system showed clearly two phases with yellow cloudy aqueous phase and clear organic 
phase. The mixture was stirred vigorously while keeping reaction system in ice-water 
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bath. Solution of NaBH4 (10 equiv) in 5ml of water was added dropwise. After 10min, 
the mixture became dark-purple (in case of hexyl xanthate and perillyl xanthate) or dark-
red (menthyl xanthate).  The reduction was continued for 3 hours so that all gold-xanthate 
complexes were completely reduced and transferred into organic phase and left a clear 
aqueous layer. The organic layer was collected by a separating funnel and washed several 
times with water to remove excess NaBH4. Then, solvent (CHCl3) was evaporated under 
vacuum to give dark solid. The product was washed with a lot of ethanol, mixture of 
ethanol-water, methanol and acetone to remove the excess xanthate. Final product was 
dried under vacuum. 
- Preparation of silver-xanthate nanoparticles.  
Silver-xanthate nanoparticles were prepared by a similar way to gold-xanthate 
nanoparticles. The complex silver-xanthate was prepared by mixing 6 equivalent of 
corresponding xanthate with 1 equivalent of silver nitrate (AgNO3) in ethanol to give a 
bright green cloudy solution. Solvent was then evaporated under vacuum.  The green-
yellow complex was added into 40ml of CHCl3 and 10ml of water. 5ml solution of 
sodium borohydride (10equiv) in water was added dropwise while stirring the mixture 
vigorously in ice-water bath. After 10min, the mixture became dark-brown for all 
xanthates. The mixture was continuously stirred for 3 hours. The dark–brown organic 
layer was collected and washed with water several times. After evaporating solvent, the 
residual solid was cleaned by washing with ethanol, mixture of ethanol-water, methanol 
and acetone. The final product was dried under vacuum. 
2.1.3. Chiral functionalization of MUA-capped gold nanoparticles 
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The preparation of chirally modified gold nanoparticles derived from chiral 
alcohol comprises two steps: i) preparation of MUA-capped gold nanoparticles to obtain 
HOOC- terminal function, ii) esterification of the product prepared in step 1 with chiral 
alcohols (L-menthol and (S)-(-)- perillylalcohol) to achieve the desired product. Figure 
2.2 shows reaction schemes and structure of proposed products. 
- Preparation of MUA-stabilized Gold Nanoparticles 
Large-scale gold nanoparticles were prepared based on one-phase synthesis which 
methanol as solvent and Sodium borohydride (NaBH4) as reducing agent4, 5. 100mg 
HAuCl4.3H2O (0.255 mmol), 0.2330g of MUA, dissolved by 30 ml of methanol, was 
loaded into a 100ml three-neck-round-bottom flask in an ice-water bath. The solution 
slowly becomes cloudy after 1 min. The reduction reaction was carried out in nitrogen 
atmosphere. 6.08 ml of freshly prepared 1.0 mol/L NaBH4 (6.0800 mmol) cold aqueous 
solution was added dropwise using a 10mL syringe into the flask under vigorous stirring 
at the rate of 1 drop/ 2s (~1.3 ml/min) when the solution started to become cloudy. The 
mixture solution is stirred for further 45 minutes to complete the reduction. 
After reduction, 30ml of ethanol was added into the system to precipitate the 
nanoparticles. The dark purple precipitate was separated from the mixture by 
centrifugation. The precipitate was then washed with water-ethanol (volume ratio 1:4) 
solution followed by pure ethanol. The raw product was dried in vacuum.  
The dried powder was dialyzed in the environment of 500 ml of Millipore water 
using dialysis cellulose membrane (MWCO = 124,000). It can be finished when the 
conductivity of the water does not change much after 30 min of dialysis. The water 
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should be refreshed every 30 min during the dialysis process if the conductivity changes 
much. 
The sample solution was then dialyzed against chloric acid aqueous solution (pH 
= 4) for 1 hour, which converts sodium undecanate into acid form. Dark purple 
precipitate can be observed during the process because the acidified gold nanoparticles 
were not soluble in water. The gold-MUA product was collected and dried under 
vacuum. 
- Esterification of MUA-gold nanoparticles 
The esterification of MUA-AuNPs with alcohols (L-menthol and (S)-(-)- 
perillylalcohol) was conducted in DMF using BOP as reagent6, 7. 25mg of MUA-AuNPs 
and 27.4mg DMAP were dissolved in 2ml DMF in a round bottom flask. 8µl of NMM 
was added and the mixture was stirred in ice/salt bath (reaction temperatute ≈ -100C) for 
15minutes. After that, 20.34mg BOP and desired amount of alcohol was added 
simultaneously. The reaction temperature was kept not higher than -100C for 2hours and 
gradually increased to room temperature afterwards. The mixture was continuously 
stirred for 15 hours.  
After reaction, solvent was evaporated under vacuum. The residue solid was 
washed with a lot of acetonitrile and ethanol to remove excessive reagents. 
 
2.1.4. Chiral functionalization of MUO capped gold nanoparticles 
The preparation of chirally modified gold nanoparticles derived from a chiral 
phosphate, specifically (S)-(+)-1,1’-Binaphthyl-2,2’-diyl hydrogenphosphate (BDHP), 
comprise two steps: i) preparation of MUO-capped gold nanoparticles ii) esterification of 
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the product prepared in step 1 with BDHP. Figure 2.3 shows reaction schemes and 
structure of proposed products. 
- Preparation of MUO- and MCH-capped gold nanoparticles. 
MUO- and MCH-capped ANPs were prepared by ligand exchange procedure in 
which excessive MUO or MCH was added to solution of pre-prepared gold 
dodencanethiol or octanethiol nanoparticles8-10. 
Dodecanethiol and octanethiol AuNPs were synthesized following Brust-Schiffrin 
method11, 12. In details, 10ml aqueous solution of 100mg of HAuCl4.3H2O was added to 
solution of 0.5gTOAB in 25ml Toluene and stirred vigorously. Gold was transfered to 
toluene phase to make a red organic layer and a clear water layer. Water layer was 
removed by using a separating funnel and desired amount of dodecanthiol or octanthiol 
was added to the organic solution. The mixture was stirred for around 10minutes until the 
red color disappeared. A newly prepared NaBH4 solution (mol ratio = 10:1 compared to 
gold) was added dropwise into solution. The clear solution turned black after few minutes 
and was continuously stirred for 3 hours to completely reduce gold(III) to gold metal. 
After reduction, solvent was removed by using rotatory evaporator. The residue solid was 
washed with a lot of ethanol and acetone to remove excessive reagents. 
The purified gold dodecanthiol or octanthiol was redispersed in dichloromethane. 
Desired amount of MUO or MCH was added and the mixture was stirred until achieve 
maximum exchange but the product was still soluble in dichloromethane. After the ligand 
exchange reaction, solvent was removed by using rotatory evaporator and the solid 
product was purified by washing with a lot of methanol and acetonitrile.   
- Esterification of MUO- and MCH-gold nanoparticles with BDHP. 
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The esterification of MUO- and MCH-AuNPs with binaphthyldiyl phosphate was 
conducted using triphenylphosphine/CCl4 as catalyst13, 14. In details, 100mg of MUO-
AuNPs or MCH-AuNPs, 85mg of BDHP, 77mg of Triphenylphosphine and 34µl 
triethylamine were dissolved in 25ml dichloromethane. The mixture was stirred for 15 
minutes under nitrogen atmosphere and in ice/water bath. Then, 24µl of CCl4 was added 
dropwise to the solution. The temperature was kept at 0oC for 2 hours and then increased 
to room temperature. The reaction mixture was continuously stirred for 4 hours. After 
reaction, solvent was evaporated under vacuum and the residue solid was washed with 
ethanol and acetonitrile incorporated with sonication and centrifuge.  
 
2.2. Characterization of Metal nanoparticles 
Characterization techniques of metal nanoparticles can be divided into 
information about the central core and the surrounding monolayers. 
i) Core size and shape 
The core dimensions of metal nanoparticles can be measured by X-Ray 
Diffraction (XRD), Electron Diffraction (ED) Transmission electron microscopy (TEM), 
Scan tunneling microscopy (STM), Atomic force microscopy (AFM), Small-angle X-ray 
scattering (SAXS), laser desorption-ionization mass spectroscopy (LDI-MS). UV\Vis 
spectroscopy is also used to qualitatively estimate the particle size. XRD, ED, TEM and 
UV\Vis spectroscopy which are used in this project will be discussed in detail about both 
theory and practical aspects.  
ii) Monolayers  
Multiple techniques introduced in literature have been used to examine structure 
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and composition of monolayers. The four techniques used in the project including Fourier 
Transform Infrared Spectroscopy (FTIR), Nuclear Magnetic Resonance (NMR), Mass 
spectroscopy (MS), and Elemental analysis (EA) will be discussed in following parts. 
 
2.2.1. X-Ray Powder Diffraction (XRD) 
- Theory  
X-rays are relatively short wave; their wavelength is in the range of 10 to 0.01nm 
corresponding to frequencies in the range 30 petahertz to 30 exahertz (30 × 1015 Hz to 30 
× 1018 Hz) and energies in the range 120 eV to 120 keV. Thus, X-radiation composed of 
X-rays is high energy electromagnetic radiation. Interaction of X-rays with matter can be 
considered in a simple experimental arrangement shown in Figure 2.4. The possible fates 
of an X-ray photon, as it passes through matter can be classified in five categories15: 
- No interaction: very short wavelength photons are penetrating; therefore X-ray 
passes through matter without interaction. 
- Conversion to heat: an X-ray photon can stimulate vibration and hence the 
absorber releases heat. 
- Photoelectric effects: lead to fluorescence and auger electron production. 
- Compton scattering: part of energy of the incident photon is absorbed by an 
electron and the electron is thus excited. The remaining energy of the original photon is 
re-emitted as an X-ray photon of lower energy. This process is called incoherent 
scattering. 
- Coherent Scattering: this mechanism of X-ray absorption in matter leads to the 
phenomenon of diffraction. This is analogous to a perfectly elastic collision between a 
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photon and an electron. The photon changes direction after colliding with the electron but 
no energy is transferred to the electron. Consequently, the scattered photon leaves in a 
new direction but remains the same phase and energy. 
Diffraction occurs when waves scattering from an object interfere with each other. 
The necessary condition for diffraction is that the path difference between scattered rays 
is on the order of λ which cause all the waves to be in phase at some angle. In Figure 2.5, 
X-rays impinge on a set of atomic planes, making an angle θ with them. The distance 
between the planes is d.  
Bragg’s law for X-ray diffraction is:  
2 sind nθ λ=
                                                       (2.1) 
where λ is the wavelength of X-rays, θ is the angle between the incident (or diffracted) 
beam and crystal planes; d is the interplanar spacing for the set of planes under 
diffraction. It is usually more convenient to divide both sides of the Braggs equation by n 




                                         (2.2) 
 When λ is known and θ is measured, we can calculate dhkl and discover the 
dimensions of the unit cell. 
 
 - X-Ray Powder Diffraction of Metal Nanoparticle 
Bragg reflections should occur only exactly at the Bragg diffraction angles to 
produce sharp peaks. In Figure 2.5, the path difference (ABC) between adjacent planes 
must exactly equal 1λ in order for diffraction to occur. If the angle of incidence θ is set 
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(via the breath of step size during recording XRD patterns) so that (ABC) becomes 
1.001λ, the scattering from the first plane will be cancelled by the scattering from the 
plan 500 layers deep in the crystal, with a phase shift of 500.5λ. However, if the crystal is 
very small (typically <1µm), the planes needed to cancel scattering are not present. Thus, 
the diffraction peak begins to show intensity at a lower θ and ends at an angle higher than 
the Bragg angle. This phenomenon is called “particle size broadening” of diffraction 
lines.  
The observed broadening can be utilized to determine the crystallite size of 
materials having size less than one micrometer, certainly for metal nanoparticle. XRD 
patterns of metal nanoparticles often show broad peaks; however, characteristic peaks for 
crystal still can be distinguished from background. The broadening (β) is related to the 






                                                          (2.3) 
where β is the peak width measured at half intensity (radians); D is the diameter of crystal 
(Å). Base on this equation, average size of metal nanoparticles can be roughly estimated. 
In practice, this estimated size is valuable because it is relatively agree with other 
methods such as TEM, SEM or STM to measure size at nanometer scale. 
In practice, Powder X-ray Diffraction (XRD) patterns were taken with a Siemens 
D5005 diffractometer equipped with a Cu Kα radiation source (λ= 1.5406Å) operating at 
40 kV and 40 mA. Samples were deposited on a glass surface or sample holder and 




2.2.2. Transmission Electron Microscopy (TEM) 
- Theory  
Rayleigh criterion for light microscopy states that the smallest distance that can be 






                                                          (2.4) 
where λ is the wavelength of the radiation, µ is the refractive index of the viewing 
medium, and β is the semi-angle of collection of the magnifying lens. By approximating 
µsinβ (which is sometimes called the numerical aperture) to unity for simplicity, the 
resolution is equal to about half of the wavelength of light. Visible light has wavelength 
in range 400-700nm; therefore, the highest resolving power of an optical microscopy is 
200nm and hence it is limited for observation of micro-scale objects. In order to improve 
the resolving power, the wavelength of light should be shorter; that leads to the invention 
of electron microscopy which uses electron beams instead of light. Broglie’s equation 
shows that the wavelength of electrons is related to their energy, E, and if we ignore the 





                                                          (2.5) 
In this equation, E is in electron volts (eV), λ is in nm. For a 100keV electron, 
wavelength is approximately 4pm (0.004nm), which is much smaller than the diameter of 
an atom. 
 A TEM instrument often has a four-lens system: a condenser lens used in 
illumination system, an objective lens, an intermediate lens and a projector lens used in 
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image formation system. Figure 2.6 schematically shows the microscope column and ray 
paths in a transmission electron microscopy.  
 The electron beam produced by an electron source is collimated by the condenser 
lens system (Figure 2.6.B-a) and scattered by the specimen. An image is formed in the 
image plane of the objective lens. The selector aperture is used to select one area of the 
image (i.e., of the specimen) which is then magnified by the intermediate lens. The 
intermediate lens is focus on the image plane of the objective lens and an intermediate 
image is formed in the image plane of the intermediate lens. This image is the object for 
projector lens which forms a final image on a fluorescent screen or on the entrance plane 
of a recording device. 
In the diffraction mode (Figure 2.6.B-b) the intermediate lens is weakened, that is 
the focal length is made larger, in such a way that the back focal plane of the objective 
lens coincides with the object plane of the projector lens. A magnified representation of 
the diffraction pattern is then produced on the fluorescent screen. 
 
- Specimen Preparation 
An electron beam can only pass through a very thin film, even though it is usually 
accelerated by potentials higher than 100kV. The specimen is placed in the vacuum of a 
TEM and irradiated by an electron beam.  
Many kinds of substances can be targets for TEM observation. A variety of 
techniques have been developed for preparation of thin specimen. For non-biological 
substances they are classified into six methods: (1) Evaporation in vacuum or sputtering, 
(2) Mechanical polishing including cutting by a microtome, (3) Electro-polishing, (4) 
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Chemical polishing, (5) Crushing and (6) Polishing by ion-bombardment.  
For metal nanoparticles, specimen is often prepared by drop-cast one drop of the 
colloidal solution on the copper grid and then dried under vacuum.  
In practice, Transmission Electron Microscope (TEM) was carried out using a 
JEOL 3010 HRTEM operating at an accelerating voltage of 300 kV. 
 
2.2.3. Electron Diffraction (ED) 
 As describe above, ED patterns are obtained by transmission electron microscope 
with diffraction mode. It is useful to record the ED pattern to analyze the crystallographic 
structure from a selected area of the corresponding specimen. Figure 2.7 illustrates the 
scattering of an incident beam of electrons by a crystalline specimen. The well-known 
Bragg’s Law also applies: 
2 sind nθ λ=
                                             (2.1) 
For small angle: 
θθ ≈Sin
                                                   (2.6) 
In electron diffraction, it is conventional to only consider the first order of diffraction i.e. 
n = 1; therefore: 
θλ d2=
                                                      (2.7) 
 Although the lens system is complicated, the principle ray diagram can be 





                                                            (2.8) 
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                                                           (2.9) 
Three types of solid matter including single crystals, polycrystals and amorphous 
materials have different electron diffraction patterns. Single crystals are the most ordered 
of three structures. A single crystal ED pattern consists of a regular array of spots, as seen 
in Figure 2.9 (a).  
Polycrystalline materials are made up of many tiny single crystals.  In this case, 
the specimen contains several crystals of different orientations, as in Figure 2.9 (b), the 
diffraction pattern is the sum of the individual patterns, and is more complicated.  
Amorphous materials contains many crystals of random orientation (i.e., 
nanoparticles); the spots tend to continuously fall on rings of constant r, and the ED 
pattern is of the type shown in Figure 2.9 (c). 
 Novel metal nanoparticles such as gold and silver have face-centered cubic (fcc) 
crystal structure. Electron diffraction patterns of these samples often show rings 
corresponding to (111), (200), (220), and (311) lattices. 
 When we know the wavelength of electron beam (λ), the diameter of the ring (r), 
the camera length (L), the d-spacing of diffracting planes can be calculated using 
equation (1.10). Comparing with the literature value of d-spacing for a certain structured 
metal crystal which is calculated according to the lattice constant, we can get the 
crystallographic structure of the synthesized metal nanoparticles. 
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In practice, ED patterns were obtained using a JEOL 3010 high resolution 
transmission electron microscope in ED mode after taking the TEM image of the same 
sample. 
 
2.2.4. Ultraviolet -Visible Spectroscopy (UV) 
- Theory 
The electronic spectra of molecules are found in the wavelength range 1000-
8000Å of the electromagnetic spectrum. The visible region has wavelength in the range 
of 4000Å - 8000Å. The ultra-violet region is subdivided into two spectral regions: i) near 
ultra-violet region: 2000-4000Å; ii) far ultra-violet region: 1000- 2000Å. 
The absorption by the solution of substance dissolved in solvent will be 
proportional to its molecular concentration. Absorbance (or extinction or optical density) 






                                                 (2.10) 
where ε is the absorption coefficient, C is the concentration and I is the path length. 
While the extinction coefficient of an absorption band may change markedly with solvent 
or phase, the band area generally remains the same and hence it is a measure of 
absorption intensity.   
 
- UV spectroscopy of Metal Nanoparticles 
UV-Visible absorption spectra of colloidal gold, silver and copper occur near 
520nm, 385nm16, and 560nm17, 18 respectively. The exact position depends on the shape, 
size and structure of metal nanoparticles. These absorptions, which are exhibition of 
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electronic structures of the colloidal metal particles, occur when the surface plasmon 
resonance (SPR) of particles is excited. The SPR can be explained as the resonant 
interaction of the conduction band electrons near the surface of the nanoparticles with 
incident light. In principle, conduction band electrons in a metal can be treated as plasma, 
i.e., a gas composed of charged particles. Because this plasma oscillates on the surface of 
metal nanoparticles, when the frequency of the incident light matches the resonant 
frequency of the plasma, strong absorption of light occurs.  
Mie theory is the basis to calculate the absorption spectrum of metal 
nanoparticles. Essentially, it is the solution of Maxwell’s equations for the scattering of 
light off a small charged sphere in a dielectric medium. The absorption cross section (α) - 

















                                           (2.11) 
where V is the volume of the particles, λ is the wavelength of the incident light, εm is the 
dielectric constant of the surrounding medium, and ε1 and ε2 are the real and imaginary 
parts of the complex permittivity of the metal, respectively. Apparently, maximum 
absorption occurs when -2εm = ε1, which is the resonance condition. 
The Mie theory is used to provide a qualitative understanding of the surface 
plasmon resonance in metal nanoparticles under various conditions. The size of the 
particle strongly influences the position and width of surface plasmon bands. Particles 
larger than around 25nm display a red-shifted and broadened SPR19, 20 whereas particles 
less than 10nm in size display a broadened and blue shifted SPR21, 22.  
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In practice, UV/Vis spectra were obtained by using a Shimadzu spectrometer and 
a 1cm path length quartz cuvette. The samples were dispersed in an appropriate solvent 
and scanned over range 200-800nm with resolution 0.5. 
 
2.2.5. Fourier Transform Infrared Spectrometry (FTIR) 
- Theory 
 Most molecular vibrations have energy corresponding to the infrared region of the 
electromagnetic spectrum. These vibrations can be detected and measured in either an 
infrared or a Raman spectrum. The useful vibrations, from the viewpoint of organic 
chemists, occur in a narrower range of 2.5-16µm (1µm=10-4cm). The position of an 
absorption band in the spectrum is the wavelength of IR radiation and can be expressed in 
micron (µm). However, very commonly in most IR spectra, absorption bands are showed 
in the terms of wavenumber, cm-1. Thus, the usual range of an infrared spectrum is, 
between 4000cm-1 and 625 cm-1.  
 In conventional IR spectrometers, the infrared light is split into two beams of 
equal intensity in which one beam is set to pass through the sample. If the vibrating 
frequency of the molecules is within the range of the instrument, the molecule can absorb 
energy from the light. Consequently, by comparing the intensity of the two beams after 
one has passed through the sample, the spectrum is provided. In FTIR method, light is 
also split into two beams; either one beam or both are passed through the sample but one 
beam is made to traverse a longer path than the other. Recombination of the two beams 
produces an interference pattern. The systematic changing of the difference in the two 
paths leads to the change of the interference patterns and finally produces a detected 
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signal varying with optical path difference. This pattern is known as the interferogram, 
and it does not look like a spectrum. Applying Fourier transformation to the inteferogram 
give a plot of absorption against wavenumber which is the familiar spectrum obtained by 
the traditional method. FTIR has advantages over the traditional method due to its high 
resolution, fast measurement and especially useful for examining small samples and for 
taking the spectrum of compounds produced in the outflow of a chromatograph. Infrared 
spectroscopy is used to characterize the functional groups which have characteristic 
bands in the spectrum. The frequency or wavelength of absorption depends on the 
relative masses of atoms, force constants of bonds, and geometry of atomic package. 
 
- Sample preparation 
Samples can be examined in the vapor phase, as pure liquids, in solution, or in the 
solid state. For metal nanoparticles in solid state, samples are often prepared by grinding 
1mg of solid in a small agate mortar with dry potassium bromide and the mixture is 
pressed into a disc by using a special mould and hydraulic press.  
 In practice, Infrared spectra of the samples dispersed in KBr pellets were 
recorded on a Varian 3100 spectrometer. 
 
2.2.6. Nuclear Magnetic Resonance (NMR) 
 - Theory 
 Some atomic nuclei behave like bar magnets because they have a nuclear spin (I). 
Under the influence of an applied magnetic field, these magnets can orient themselves in 
2I+1 ways. Nuclei with an odd number of nucleons, (i.e., 1H, 13C, 31P) have spin of ½ and 
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can take up only two orientations, a low energy orientation aligned with the applied field, 
and a high energy orientation opposed to the applied field. Based on Boltzman 
distribution, the difference from the number of nuclei in the low energy state (Nα) and in 
the high energy state (Nβ) may be expressed as Nβ/Nα=exp(-∆E/kT). When a radio 
frequency signal is applied to the system, this distribution is changed if the radio 
frequency matches the frequency at which the nuclear magnets naturally process in the 
magnetic field: some of the Nα nuclei are promoted from the low energy state to the high 
energy state and Nβ increases. The resonance frequency is therefore dependent upon both 
the applied field strength and the nature of the nucleus.  
 The spectrum is measured by either continuous wave (CW) method or Fourier 
transformation (FT) method. FT spectra are taken when the samples are small and when 
accurate and well-resolved spectra are needed. 
 
 - NMR spectroscopy for Metal Nanoparticles 
NMR spectroscopy is particularly informative about the chemical structure and 
content of monolayers on metal surface. 1H and 13C NMR spectra of thiol-monolayers are 
characteristically broadened relative to those of free alkanethiols12. 
 Samples are dissolved in a deuteri solvent which does not itself give rise to 
signals in the NMR spectrum. The most commonly used solvents are CCl4, CDCl3, C6D6, 
d6- DMSO and D2O. The choice of solvents depends on solubility of the compound under 
investigation. 
 In practice, NMR spectra (H1, C13, P31) were taken by a Bruker ACF300MHz 
instrument at room temperature and ambient pressure. 
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2.2.7. Mass Spectroscopy (MS) 
- Theory 
The mass spectrometer comprises of three modules which are designed to perform 
three basic functions:  
- Ionization source: convert gas phase sample molecules into ions (or, in the case 
of electrospray ionization, move ions that exist in solution into the gas phase) 
- Mass analyzer: separate ions according to their mass-to-charge ratios (m/z) 
-Detector: measures the value of an indicator quantity and provides data for 
calculating the abundances of each ion present. 
Since multiply charged ions are produced only rarely relative to singly charged 
ions, z can normally be taken as one and hence m/z gives the mass of ions. Thus, the 
mass spectrometer is a device for the production and weighing of ions. Figure 2.10 
describes the fragmentation of ions in mass spectrometer. When the arrays of ions (A+, 
B+, C+, etc.) have been separated and recorded, the output is known as a mass spectrum. 
It records the abundance of each ion against its m/z value. The most abundant ion is 
arbitrarily assigned a value of 100 per cent. 
There are many mass spectrometry techniques based on the difference of 
ionization sources which are listed below: 
- Electron Ionization (EI) 
- Chemical Ionization (CI/APCI) 
- Photo-ionization (APPI) 
- Electrospray (ESI) 
- Matrix-assisted Laser Desorption (MALDI) 
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- Field Desorption (FD) 
- Plasma Desorption (PD) 
- Fast atom bombardment (FAB) 
- High-temperature Plasma (ICP) 
Details about these techniques can be found in literature23. Generally, depending 
on molecular weigh and polarity of compound under investigation, we can select an 
appropriate technique to obtain desired information from mass spectrum (Figure 2.11). 
 
- Mass spectroscopy for metal nanoparticle 
Metal nanoparticles are soluble in solvents; therefore they can be dissolved and 
loaded as the same as other organic compounds. Useful information about core and shell 
composition of nanopartiles can be obtained by choosing different ionization techniques 
such as FAB, MALDI or ESI- MS24, 25. 
In practice, ESI-MS was conducted on a Finnigan TSQ 7000 triple stage 
quadrupole mass spectrometer using ESI method at 200–250 °C. Data were collected in 
the m/z range of 0–1000 Da. 
 
2.2.8. Elemental analysis (EA) 
- Theory 
Elemental analysis is a general name of techniques which can qualitatively or 
quantitatively determine the elemental composition of a sample. There are two types of 
elements in elemental analysis: 
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- Carbon, hydrogen, sulfur, nitrogen: can be detected by combustion analysis. In 
this technique, a sample is burned in an excess of oxygen, and various traps collect the 
combustion products — carbon dioxide, water, and nitric oxide. The weights of these 
combustion products can be used to calculate the composition of the unknown sample. 
- Metals and other elements: detected by optical electronic methods which are 
Inductively Coupled Plasma-Atomic Emission (ICP), Flame Atomic Absorption (FAA), 
Graphite Furnace Atomic Absorption (GFAA), Microwave Induced Plasma (MIP), and 
DC plasma arc (Arc). All of these methods are based on a common principle: the emitted 
radiation, which happens when atoms emit electromagnetic radiation (hν) as they relax 
from an excited state to their ground state, can be easily detected. 
The basic aim of analytical atomic spectroscopy is to identify elements and 
quantify their concentrations in various media. The procedure consists of three general 
steps: atom formation, excitation, and emission. Before excitation, an element that is 
bound in a specific matrix must be separated from that matrix so that its atomic emission 
spectra are free from interferences. For UV and visible spectroscopy, the input energy 
must be sufficient to raise an electron from the ground state to the excited state. Once the 
electron is in the excited state, the atom emits light, which is characteristic of that 
particular element. Figure 2.12 shows steps involved in the analysis of aqueous samples 
by ICP-AES. 
- Elemental analysis for metal nanoparticles 
Metal nanoparticles have the metal core can be detected by ICP method whereas 
the shell contains C, H, O, N, or S can be detected and quantified by combustion analysis. 
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In practice, elemental analyses of the C, H, N, S elements were done on an Elementar 
vario MICRO cube analyzer. Anions, such as Cl- were analyzed using an ion 
chromatography system consists of a Metrolrm 818 2C pump, a 820 Separation Center, a 
830 interface and a 833 liquid autosampler. The elements Au, Na+, P and B were 
analyzed using a Perkin Elmer dual-view Optima 5300 DV ICP-OES system. The 
samples of NPs were digested using aqua regia (a mixture of concentrated nitric acid and 
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Figure 2.1. Preparation of gold and silver nanoparticles.  









Figure 2.2. Preparation of chirally modified gold nanoparticle derived from chiral 
alcohols 
a) MUA, NaBH4/Methanol 

























Figure 2.3. Preparation of chiral-phosphate derived gold nanoparticles 
a) 1. TOAB, 2. Dodecanethiol/Octanethiol, 3. NaBH4 
b) MUO/MCH 
c)BDHP+Triphenyl phosphine/CCl4 +Triethylamine 
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Figure 2.6.  A. Schematic cross-section through a modern transmission electron 
microscope. B. Ray-paths in a reference transmission electron microscope. a) Imaging 
mode. b) Diffraction mode.26 
 
 







Figure 2.8. Schematic diagram showing the geometry of diffraction pattern formation27 
 
Figure 2.9. Types of diffraction pattern which arise from different specimen 






























































CHAPTER 3. XANTHATE-CAPPED METAL NANOPARTICLES 
 
3.1. Introduction 
There has been a growing interest in metal nanoparticle synthesis recently. 
Metal nanoparticles were synthesized by several methods based on either one or two 
phases, e.g. citrate reduction introduced in 1951 by Turkevitch1, two-phase method 
reported by Brust et al.2 and single-phase method described by Yee et al.3, 4 Citrate 
reduction is a facile method to produce nearly monodispersed gold nanoparticles in 
the size range from 2 to 100nm5; however, it still has drawbacks such as low content 
of gold nanoparticles (<0.01M) and water as a solvent that restricts the isolation and 
application of the particles. Two-phase synthesis involves the transfer of metal salts 
from aqueous solution to organic phase by using a phase transfer catalyst (PTC) and 
subsequent reduction with a reducing agent in the present of capping agents like 
thiols2, 6, 7 or disulfides8-10. Although this is a valuable method to synthesize small 
organic-soluble metal nanoparticles (1-3nm), its disadvantage is impurities that are 
introduced by the use of PTC which is often retained even after repetitive 
precipitation and washing with ethanol and acetone. Alternative single-phase 
synthesis based on reduction of metal salts in tetrahydrofuran (THF) with lithium 
borohydride (LiBH4) as a reducing agent is an attractive method because it avoids the 
use of PTC11. However, besides being costly, LiBH4 is moisture sensitive; therefore, 
this method requires the reduction reaction conduct in inert atmosphere. In general, 
the principal concepts in synthesis of metal nanoparticles are: 1) Using ligands to 
stabilize the particles by electrostatic effect (sodium citrate) or steric effect (thiols, 
amines). 2) Reduction step is conducted in aqueous phase if ligands and reducing 
agents used are soluble in water (e.g. sodium citrate) or organic phase if they are 
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soluble in organic solvent (e.g. thiol and LiBH4 in THF). In case that only ligand 
(thiol) is soluble in organic solvent (Toluene) whereas reducing agent (NaBH4) is not, 
a PTC is utilized to ensure the system is homogenous. In terms of protecting ligands, 
there are not many choices for capping agents. Alkylthiols are much favor than 
amines because sulfur can bind strongly to metal atoms. However, preparation of 
thiols from complex precursors, especially chiral compounds, is complicated and 
multistep. It is apparent that there is a need to find a simpler and more convenient 
method to prepare metal nanoparticles. 
Xanthates have the general formula R-OCS2- M+ in which R is alkyl group and 
M+ is a metal cation such as sodium or potassium. These compounds were discovered 
and used in industry long time ago as flotation agents for minerals of transition 
metals12-14 because of strong affinity to metal and metal ions of the sulfur-containing 
head group15. Xanthates are often prepared by reaction of alcohols and CS2 with 
potassium or KOH as catalyst16, 17. There are many natural chiral alcohols (e.g., 
menthol, perillyl alcohol) can be used to prepare xanthates. Because of having both 
polar (OCS2-) and nonpolar (R-) parts in their structure, xanthates are anionic 
surfactants18. In other words, xanthates can play the role as a phase transfer catalyst. 
Some metal cations such as Pd(II), Pt(II) or Cu(II) can be extracted to organic phase 
by making complex with xanthates19, 20. 
Xanthates were used as capping agents for stabilizing silver, copper, gold and 
platinum colloids in aqueous solution21-23. However, low concentration of metal 
colloids (<1mM) in water is required because of their naturally instability and hence 
this limits the isolation of the products. Although these metal colloids can be 
transferred into organic solvents by adding sodium dihydrogen phosphate, the 
transferring efficiency is only 50-70%. Dithiocarbamates (R2-NCS2-) which are 
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similar to xanthates were investigated to be used as a good capping agent for gold, 
silver and ruthenium nanoparticles24-26. Nevertheless, all of these syntheses based on 
Brust-Schiffrin method in a biphasic system which required using phase-transfer 
agent2. Up to now, there are no reports related to preparation of metal nanoparticles in 
a biphasic system using xanthate as a capping agent. Moreover, the introduction of a 
phase transfer agent into the reaction system always leads to a consistent 
contamination in the final product. A purification process reported by Schiffrin et al. 27 
in which Soxhlet extraction can be utilized to remove PTC from gold nanoparticles. 
However, it is not a convenient method for small amount of metal nanoparticles. 
In this study, a new facile method of producing small organic-soluble gold and 
silver nanoparticles is presented in which xanthates were simultaneously used as 
phase-transfer catalysts and capping agents. Figure 3.1 briefly shows the process of 
preparation of xanthate-capped metal nanoparticles. Nonchiral (1-hexanol) and chiral 
alcohols (L-menthol and (S) - (-) - perillyl alcohol) were used as precursors to prepare 
xanthates.  
 
3.2. Results and Discussion 
3.2.1 Preparation of potassium xanthates 
Potassium xanthates were prepared by a modified Tchugaev method17, 22. 
Xanthate solids often have light yellow color and can be characterized by IR, 1HNMR, 
13CNMR and MS spectroscopy. 
3.2.1.1 Analytical data 
Potassium Hexylxanthate (KHX). 




Spectral data of Potassium hexylxanthate can be summarized as 
IR (neat, cm-1) ν 2954, 1468, 1379, 1235, 1138, 1086, 892, 725.  
1H NMR δ (300MHz, CD3OD, ppm): 4.38 (t, 2H, O-CH2), 1.72 (q, 2H, CH2), 1.36 (m, 
6H, CH2CH2CH2), (t, 3H, CH3).  
13C NMR δ (300Mz, CD3OD, ppm): 234, 74, 33, 30, 27, 24, 15.  
MS (ESI), m/z: 177 (HX-). 
Potassium Menthylxanthate(KMX).  
Figure 3.3 shows IR, 1HNMR, 13CNMR and MS spectra of potassium menthyl 
xanthate. 
Spectral data of Potassium Menthylxanthate can be summarized as 
IR (neat, cm-1) ν 2955, 1448, 1386, 1163, 1116, 1091, 1057, 1009, 950, 671.  
1H NMR δ (300MHz, CD3OD, ppm): 5.35 (dt, 1H, O-CH), 2.25-1.36 (m, 5H), 
1.18-0.79 (m, 13H).  
13C NMR δ (300Mz, CD3OD, ppm): 233, 84, 51, 41, 36, 33, 28, 25, 23, 21, 17.  
MS (ESI), m/z: 231 (MX-). 
Potassium Perillylxanthate(KPX).  
Figure 3.4 shows IR, 1HNMR, 13CNMR and MS spectra of potassium menthyl 
xanthate. 
Spectral data of Potassium perillylxanthate can be summarized as 
IR (neat, cm-1) ν 3071, 2906, 1642 (C=C), 1434, 1268, 1106, 1059, 887.  
1H NMR δ (300MHz, CD3OD, ppm): 5.78 (s, 1H, H-C=C), 4.80(s, 2H, H2C=C), 
4.72(s, 2H, O-CH2), 2.20-1.40 (m, 10H).  
13C NMR δ (300Mz, CD3OD, ppm): 234, 150, 135, 126, 110, 78, 43, 32, 29, 27, 21.  





In FTIR spectra, all xanthates show strong bands at around 3000cm-1, 
1470-1380cm-1, and 1270-1050cm-1. The first band is the characteristic of C-H 
stretching; the second band comes from C-H bending and the third band is the feature 
of xanthate group28. The appearance of a strong broad band above 3000cm-1 is due to 
the presence of water in xanthate samples. Xanthates absorb moisture quickly29 and 
hence it is very difficult to obtain their IR spectra in pure state. Xanthate O-CS2- has 
two groups C=S and C-O which show the characteristic vibration bands. The 
assignment of these group frequencies is somewhat difficult because both of them lie 
in the same region 1000-1275cm-1 of the IR spectrum. The absorption bands of both 
these groups are intense and very susceptible to the environmental changes in the 
molecules30, 31. We can see in IR spectra of all prepared xanthate products that 
xanthate bands cover the region 1000-1300cm-1. Apart from xanthate function, 
hexylxanthate and menthylxanthate have only normal C-H and C-C vibrations 
whereas perillylxanthate shows C=C stretching band at 1642cm-1
. 
The high intensity 
of this band is the proof for the existence of two C=C double bonds as similar as 
perillyl alcohol. In the preparation of perillyl xanthate, no side reaction between C=C 
double bond and CS2/KOH occurred. 
NMR spectroscopy is a useful tool to characterize xanthate products. 1HNMR 
spectra show that chemical shifts of hydrogens next to xanthate function are 4.38, 
5.35, and 4.72ppm for hexylxanthate, menthylxanthate and perillylxanthate, 
respectively. Corresponding chemical shifts of hydrogens next to –OH function are 
3.624, 3.42, and 4.01ppm for 1-hexanol, menthol and perillyl alcohol. The downfield 
shift when changed from alcohol to xanthate is caused by the electron withdrawing 
property of C=S group. Despite of downfield shift, the band shapes are similar 
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between alcohols and the corresponding xanthates. 13CNMR spectra show an extra 
peak of xanthate CS2 function around 233-234ppm which is similar to other reference 
xanthate compounds32. Although this peak has low intensity compared to other peaks 
in the spectra, it can be clearly distinguished from background and can be used to 
confirm the appearance of a xanthate compound. 
ESI-MS spectroscopy was used to confirm the composition of the products. 
Potassium xanthate which has the general formular as R-O-CS2-K+ will show peaks of 
R-O-CS2- in negative mode spectra and (R-O-CS2K)K+ in positive mode as the most 
abundant species. Furthermore, peaks of (R-O-CS2K)2K+ or (R-O-CS2K)3K+ can also 
be seen in ESI-MS spectra. Table 3.1 shows the assigned peaks (m/z) in ESI-MS 
spectra of xanthate products. 
 
3.2.2. Preparation of xanthate-capped Gold and Silver nanoparticles 
3.2.2.1. Results 
- UV-Vis Spectroscopy.  
Figure 3.5 shows the UV-Vis spectra of xanthate-capped gold and silver 
nanoparticles. Gold nanoparticles exhibit absorption bands around 520nm whereas 
silver nanoparticles show bands around 420nm. 
Transition-metal nanoparticles typically exhibit a characteristic surface 
plasmon absorption band which superimposes onto the exponential decay Mie 
scattering profile, with the band intensity proportional to the particle size (volume). 
Absorption by particles with radii between about 26 Å and 100Å is independent of size; 
however, the shape of the absorption bands ceases to independent of size for particles 
smaller than about 26Å. For these nanoparticles, the absorption peak is broadened 
and lowered and can be explained by invoking a reduced mean free path for 
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conduction electrons33.  
All of the xanthate-capped gold nanoparticles exhibit a plasmon resonance 
band at 522nm which is characteristic of gold nanoparticles34 (Fig.3.5.A). 
Gold-menthyl xanthate has a broader and lower intensity band and it can be deduced 
that the size of these nanoparticles is smaller than the other gold nanoparticles. 
Similarly, silver-hexyl xanthate has a plasmon band at 420 nm which is a feature for 
silver nanoparticles (Fig.3.5.B). The menthyl xanthate and perillyl xanthate –capped 
silver nanoparticles exhibit very broad bands; therefore the size of these nanoparticles 
should be smaller than 5nm. UV spectra showing plasmon resonance is a confirmation 
for the existence of gold and silver nanoparticles. Although these spectra can only 
qualitatively show the size of metal nanoparticles, they are valuable to pre-evaluate 
the particle size35. A better understanding of these sizes can be achieved by XRD and 
TEM. 
 
- X-Ray Powder Diffraction.  
Figure 3.6 shows the XRD patterns for xanthate- capped gold and silver 
nanoparticles. Both gold and silver nanoparticles have clear peaks at around 380, 650, 
780 and a broad and low intensity peak at 440. 
The X-Ray diffraction pattern of nanoparticles, in general, is broad and poorly 
defined diffraction peaks because of the small size, intrinsically imperfect 
crystallization and the rare existence of single crystals of nanoclusters36. For a 
powdered material, if the crystallites are less than 100nm in size, the crystallite size 
can be estimated using the Scherer equation: D=0.9λ / (Bcosθ) where D is the 
diameter of crystallite (Å), B is the peak width measured at half intensity (radians), λ 
is the wavelength and θ is half the angle of diffraction (2θ)37. 
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The peaks at around 380, 650, 780 are indexed as the (111), (220), and (311) 
reflections, respectively, of the fcc structure of gold and silver38, 39. The (200) 
reflection at 440 is seen as a shoulder and not clear in some spectra. The particle size 
is estimated by using Scherer equation where B is full width at half maximum of the 
peak (111) (Table 3.2).  
As we can see, the particle size measured by XRD method agrees with UV\Vis 
results. All gold- xanthate nanoparticles have small size and hence they show not very 
clear plasmon band in UV\Vis spectra. Siver-hexylxanthate has size around 23nm 
while the other silver nanoparticles have much smaller size; therefore the former 
exibits clear plasmon band whereas the latters show very broad and low intensity 
bands. Although silver-hexylxanthate nanoparticles have relatively big size, the other 
xanthate gold and silver nanoparticles, especially menthylxanthate and 
perillylxanthate which are chiral compounds, have similar and small size (2-3nm). 
 
- FT-IR spectroscopy. 
Figure 3.7 shows FT-IR spectra of potassium xanthates, xanthate-capped gold 
and silver nanoparticles. Potassium xanthates show xanthate bands at frequencies 
1050-1270 cm-1 while these corresponding bands of gold and silver nanoparticles shift 
to higher frequencies 1100-1300cm-1. 
FT-IR spectroscopy is an important tool to characterize metal nanoparticles 
protected by organic ligands. Due to the fact that metal itself shows no peak, all of the 
peaks in IR spectra belong to the organic ligand. Hence, IR peaks of the metal 
nanoparticles are comparable with those of original ligand.  
Potassium xanthates show a group of bands at frequencies 1000-1275 cm-1 for 
all three samples. However, gold and silver are different from alkaline metals like 
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potassium because of their capacity to strongly bind to sulfur atoms of xanthate 
function due to a “soft-soft” interaction. Therefore, the vibration bands of gold or 
silver- xanthate can be expected to be not similar to their original potassium xanthate. 
This agrees with previous reports related to absorption of xanthate on metal40 or 
xanthate-metal complex41, 42.   
As we can see in FT-IR spectra, xanthate nanoparticles exhibit slightly 
different xanthate bands because of changing potassium to gold or silver. The band 
around 1050cm-1 of potassium xanthates shifts to higher frequency 1200cm-1 for 
xanthate-capped nanoparticles. This result agrees with the previous work of Leppinen 
et al. when studying IR spectrum of Au(I)-ethylxanthate43. The band around 
1000-1050cm-1 becomes more observable for gold and silver nanoparticles. 
Theoretical normal coordinate calculations made by Colthup et al.44 for alkyl xanthates 
show that absorption bands in this region have a large contribution from the νasS-C-S 
vibrational mode. Apart from xanthate bands, the other bands of nanoparticles 
resemble those of pure ligand.  
 
- 
1H NMR spectroscopy 
Figure 3.8 shows the 1HNMR spectra of potassium xanthates and xanthate- 
capped gold and silver nanoparticles. Depending on the structure of investigated 
molecules, hydrogen atoms next to xanthate group show 1HNMR peak (with spin-spin 
coupling) at 4-6ppm.  
NMR spectroscopy is particularly informative about structure and composition 
of ligand used to protect metal nanoparticles45. Similar to FT-IR spectroscopy, 
resonance bands in a NMR spectrum come only from the organic parts whenever the 
sample under investigation is the pure ligand or metal nanoparticle; therefore the two 
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spectra are comparable. 1HNMR spectroscopy studies of alkanethiol monolayers 
showed that NMR resonances are broadened46 due to the spin-spin relaxational 
broadening. Moreover, position of peaks are often shifted due to differences in Au-SR 
binding sites, and a gradient in monolayer packing density from near-core to chain 
terminus with associated dipolar broadening.  
As we can see, 1HNMR resonances of all xanthate nanoparticles are slightly 
broadened and hence it is difficult to obtain accurate integrated area of peaks. The low 
intensity is also an obstruction for peak analysis. However, in spectra related to 
hexylxanthate and menthyl xanthate, peak shifts are close to their original positions 
and peak shapes are similar. This result confirmed the structure of pure hexylxanthate 
and methylxanthate attaching to gold and silver nanoparticles. In the case of 
perillylxanthate, the peak intensity of H2C=C at around 5ppm is much lower than its 
original peak and we can infer that a reduction reaction occurred. The C=C double 
bond is normally not reduced by NaBH4.47 However, in the presence of Au which can 
play the role as a catalyst, unhindered C=C bonds can undergo an incomplete 
reduction.  This agrees with results of preparation of alkenethiol-capped gold 
nanoparticles48. Figure 3.9 shows 1HNMR spectra of potassium perillylxanthate, gold 
perillylxanthate and silver perillylxanthate. Based on the integration ratio of two 
peaks at around 5.6ppm (H-C=C, ring) and 4.9ppm (H2-C=C), we can deduce the 
extent of reduction is around 45% for both gold and silver perillylxanthate 
nanoparticles. The reduction of perillyl xanthate by NaBH4 is described in Figure 
3.10.  
 
- ESI-Mass Spectroscopy. 
Figure 3.11 shows negative mode ESI-Mass spectra of gold and silver 
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xanthate nanoparticles. MS peaks (m/z) are assigned in Table 3.3. 
ESI-Mass spectroscopy is a useful characterization technique to analyze the 
MPC monolayers. In small range of m/z, association of metal atom and the ligand is 
demonstrated by the parent peak. MS peaks (m/z) of the potassium xanthates and 
xanthate-capped gold and silver nanoparticles are assigned as in Table 3.3 
Because of complications due to the incomplete reduction of perillylxanthate 
during the formation of AuNPs, MS peaks of these products can not be assigned. This 
confirms the result obtained from 1HNMR spectroscopy. The reduction does not affect 
the chirality because it does not occur at chiral center of perilyl xanthate; however, it 
is the weakness of direct preparation from chiral ligands. Those ligands which are 
sensitive to oxidation or reduction should be used in a mild preparation process, e.g. 
ligand exchange. 
 
- Transmission Electron Microscopy. 
TEM images of Au-menthylxanthate and Au-perillylxanthate nanoparticles are 
given in Figure 3.12. Au-xanthate nanoparticles are spherically shaped and have a 
narrow size distribution. Figure 3.13 shows the core size distribution histograms of 
the nanoparticles.  
The histograms were established by measuring the size of 100 particles of 
each xanthate NPs. Au-menthylxanthate NPs and the Au-perillylxanthate NPs have a 
mean size of 3±0.5nm and 3.5±0.5nm, respectively. These sizes are slightly larger 
than those determined by XRD. Table 3.4 compares the difference of sizes (nm) 
measured by XRD and TEM. Although there is some difference in absolute values of 




- Electron diffraction. 
Figure 3.14 shows electron diffraction patterns of gold nanoparticles. In the 
black background, the brightest ring belongs to the (111) lattice of gold crystal. The 
other rings are not clear and almost cannot be distinguished from background. 
ED patterns for gold nanoparticles normally show rings corresponding to 
(111), (200), (220), and (311) lattices. Similar to X-ray diffraction when the 
nanoparticles are very small and have low crystallinity, it is not easy to achieve clear 
rings and hence difficult to distinguish between rings. However, the appearance of the 
bright rings in ED patterns implies the presence of an ordered crystalline structure. 
 
3.2.2.2. Discussion 
 From all the results above, it is concluded that gold and silver nanoparticles 
capped by hexylxanthate, L-menthylxanthate and S-perillylxantahte were synthesized. 
UV-Vis, XRD, ED and TEM analysis showed that all prepared nanoparticles have size 
in nanoscale. Except silver-hexylxanthate NPs having relatively big size (23nm), all 
other gold and silver NPs have small size of 2-4nm. This size range is expected for a 
biphasic synthesis2. FTIR spectra showed the shift to higher frequency of xanthate 
band in xanthate-capped metal nanoparticles compared to potassium xanthates. This 
phenomenon also happens for other xanthate metal complexes such as cuprous, zinc 
and lead ethyl xanthate. According to Shankaranayana et al., the reason for this shift is 
that the pi-bond character of C=S and σ-bond character of C-O are enhanced in covalent 
xanthate compounds like cuprous ethylxanthate30. Consequently, a shift of the C=S to 
higher frequency and of the C-O to the lower one could be expected. 1HNMR spectra 
confirm the attachment of xanthate molecules onto nanoparticles. Chemical shifts of 
H next to xanthate groups depend on the structure of carbon chain (primary, 
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secondary -O-CS2) and the metal linked to xanthate. That is the reason for the fact that 
this chemical shift varies when changing from hexylxanthate (primary xanthate) to 
menthyl xanthate (secondary xanthate) and from gold to silver. For similar xanthates 
attached to the same metal, the chemical shift is almost identical. For example, 
Au(I)(n-Butylxanthate), Au(I)(ethylxanthate) and Au-hexylxanthate nanoparticles 
have chemical shift at 4.55ppm, 4.60ppm41, and 4.58ppm, respectively. Mass 
spectroscopic study by electrospray ionization (ESI) is another method to prove the 
attachment of xanthate on metal. The parent peaks of gold and silver nanoparticles 
were assigned for the same formula of fragment: [Au(xanthate)2] and [Ag(xanthate)2]. 
Apparently, xanthate groups with two sulfur atoms can strongly bind to gold and 
silver nanoparticles. 
 Xanthates have been reported in many studies about the adsorption of these 
molecules onto metal surface49-52 or making complex with transition metals28, 30, 41, 42. 
However, up to now there is only one group that reported about using xanthate as a 
capping agent to prepare metal nanoparticles. Efrima et al.21-23 used 
hexadecylxanthate and octylxanthate potassium salts to prepare platinum, gold, silver 
and copper colloids. These colloids were prepared by two steps: 1) Prepare 
“noncoated” colloidal sols of metal 2) Use xanthate to protect the sols from 
aggregation. According to the author, metal colloids with size 5±1nm were 
synthesized. However, no information about chemical structure of metal nanoparticles 
was mentioned. In fact, to prepare the metal sols, excessive NaBH4 was added to the 
aqueous solution of metal salt. After reduction, the solution was heated to 60-800C to 
decompose residual borohydride. No purification was applied to remove decomposed 
products. In other words, the prepared metal colloids were not pure. The second 
drawback of this method is the very low concentration of metal salt solutions. To 
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prevent metal sols from aggregation, the concentration of these solutions must be 
lower than 1mM. Comparing to the concentration 30mM of HAuCl4 solution for 
preparing gold nanoparticles by Brust- Schiffrin method2, this is not an efficient way 
to synthesize metal nanoparticles on a large scale. Using water as a solvent also makes 
the evaporation problematic and hence it is not easy to isolate the solid metal 
nanoparticles. All of these disadvantages are solved by our method to prepare gold 
and silver nanoparticles. The concentration of initial solution of HAuCl4 or AgNO3 is 
similar to Brust’s work (30mM). After reduction with NaBH4, solid nanoparticles can 
be easily isolated by evaporation of chloroform solvent. All of excessive reagents can 
be washed away by methanol, ethanol and water. These metal nanoparticles can be 
redispersed in nonpolar or less polar organic solvents such as toluene, chloroform, and 
diethylether. From our observation, solutions of gold and silver nanoparticles in 
toluene were stable for more than 6 months without any precipitation. 
- Mechanism for formation of gold and silver-xanthate nanoparticles 
As mentioned, xanthate compounds can make stable complexes with many 
transition metals like gold, silver, palladium, platinum, ruthenium, copper, etc. We 
also want to prepare palladium, platinum, ruthenium or copper nanoparticles by 
reducing the complexes of these metals with sodium borohydride.  The difference 
between xanthate complexes of gold or silver and other metals is the low solubility of 
their complexes in nonpolar or less polar organic solvents like toluene or chloroform. 
This fact was also mentioned by Mohamed et al.41When the metal- xanthate complex 
has higher solubility in organic solvent, we may expect that it can be easier to obtain 
nanoparticles soluble in organic solvent by simply reducing the complex. In fact, we 
could not obtain these nanoparticles except for gold and silver. The complexes are 
stable and cannot be reduced by sodium borohydride. These results lead to the 
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mechanism of forming gold and silver –xanthate nanoparticles based on the partial 
solubility of their xanthate complex. Figure 3.15 schematically illustrates the 
formation of gold-xanthate nanoparticles. 
Xanthate has both polar (OCS2-) and nonpolar (R-) parts in its structure and 
plays role as an anionic surfactant18. In the CHCl3/H2O system, the gold or silver 
xanthate complexes are not soluble in both water and chloroform and hence they 
assemble at the interface. Because xanthate is a surfactant, droplets of water in 
chloroform can be generated by agitating the solution. Generally, agitation is 
presumed to break simultaneously both the oil and the water phases into droplets, with 
the surfactant being adsorbed at the interface around these droplets53. To reduce the 
metal, a small volume of aqueous solution of reducing agent is added into the stiring 
solution of metal xanthate. By agitation, the reducing agent can diffuse to the water 
droplets and reduce the metal complex to metal. The size of the metal particles is 
limited to few nanometers due to the presence of surrounding xanthate surfactants. 
This mechanism is proposed based on the motif of suspension polymerization in 
which the polymerization reaction occurs in droplets54. There are many anionic 
surfactants but xanthate is the one which can bind strongly to gold atom and make the 
difference. From this mechanism, we can explain the failure of attempts to prepared 
nanoparticles of metals which form soluble xanthate complexes. Xanthate complexes 
of these metals are completely soluble in organic phase and hence no water droplet is 
formed. The reducing agent is only soluble in aqueous phase and cannot reduce the 
complex in organic phase to metal. 
 
3. 3. Conclusion 
We investigated the ability of both chiral and nonchiral potassium xanthates 
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derived from corresponding alchohols to stabilize gold and silver nanoparticles. 
Xanthates were shown to be not only a good capping agent but also a good phase 
transfer catalyst and could be an excellent substitution for the well-known system of 
thiol and TOAB. Gold and silver nanoparticles prepared are small, have narrow size 
distribution and are highly soluble in organic solvents. Xanthates capping is a 
promising methodology because of its high purity and simple preparation or when 
there is a need to stabilize nanoparticles by desired substructures like chiral alcohols.  
In future work, chirality of prepared metal nanoparticles may be investigated. 
Initially, VCD prediction of typical chiral gold and silver nanoparticle products based 
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Figure 3.1. Preparation of xanthate-capped metal nanoparticles. 
 
 





































































D:\ms lab\Chemistry\SIM W S\MSPHX1 9/2/2008 8:50:09 AM MSPHX1
DR SIM W S, 200C
MSPHX1 #134-136 RT: 2.64-2.67 AV: 3 SB: 2 0.34-0.35 NL: 5.85E6
T: + c ESI Full ms [100.00-1000.00]




























688.6 882.4352.8 450.8 982.1570.8 666.5 803.4650.4 868.3 905.6354.2 472.7 552.6 764.6530.7 828.3234.7 296.2 734.6428.9 586.7 690.5 947.4136.7 194.6 326.5
MSPHX1 #66-72 RT: 1.30-1.40 AV: 7 SB: 6 0.54-0.64 NL: 5.87E6
T: - c ESI Full ms [100.00-1000.00]



























177.1 443.2 523.0367.4 599.7445.1369.4283.3 297.2 622.7359.1 449.0 524.0373.1101.0 436.9178.1 478.7 594.0 858.4650.5 778.1 820.4 940.2326.9267.2 996.1696.4 915.9213.0 727.0176.4
 
Figure 3.2.D. ESI-Mass spectrum of Potassium hexylxanthate 
































































D:\ms lab\Chemistry\SIM W S\MSPMX1 9/2/2008 8:53:52 AM MSPMX1
DR SIM W S, 200C
MSPMX1 #66-68 RT: 1.35-1.39 AV: 3 SB: 3 0.08-0.12 NL: 2.50E7
T: + c ESI Full ms [100.00-1000.00]



























580.8310.9 962.5692.8406.7 946.6562.7292.9 832.7422.8 504.7 790.5 888.4581.7 660.8 694.8520.8 904.7 965.7136.8 774.6152.7 364.7 488.7250.6 350.5 443.0 603.8192.8
MSPMX1 #37-38 RT: 0.80-0.82 AV: 2 SB: 3 0.34-0.38 NL: 6.25E7
T: - c ESI Full ms [100.00-1000.00]


























187.1 772.7485.1 681.0425.2 504.0 605.1 754.8329.0 570.9151.3 234.1 868.5 984.1884.6 968.4409.1300.9 821.0344.7 624.6
 
Figure 3.3.D. ESI-Mass spectrum of Potassium menthylxanthate 





























































D:\ms lab\Chemistry\SIM W S\MSKPX1 10/20/2008 5:34:58 PM MSKPX1
DR SIM W S, 250C
MSKPX1 #66-68 RT: 1.18-1.21 AV: 3 SB: 2 0.52-0.54 NL: 3.06E7
T: + c ESI Full ms [50.00-1000.00]




























572.7 684.7668.7 820.7 952.6203.1 934.7288.8 554.6 852.8229.0 749.9 798.6 871.1652.1381.1 990.0587.9 687.9518.9307.8272.9 397.4 474.9368.6167.8115.995.0
MSKPX1 #92-94 RT: 1.63-1.66 AV: 3 SB: 3 0.17-0.21 NL: 3.39E7
T: - c ESI Full ms [50.00-1000.00]




























383.2 592.8522.2477.0 748.7182.9 367.2151.1 670.8399.1325.0 563.0458.8 760.7597.8 742.9296.4247.1 940.0862.2127.292.0 886.3812.7 958.5
 
Figure 3.4.D. ESI-Mass spectrum of Potassium perillylxanthate 























Figure 3.5. UV-Vis spectra of xanthate- capped gold and silver nanoparticles 
dispersed in Toluene. A) 1. Gold-hexylxanthate, 2. Au-menthylxanthate, 3. 





















































Figure 3.6. X-Ray powder diffraction patterns of xanthate- capped gold and silver 
nanoparticles A) 1. Gold-hexyl xanthate, 2. Gold-menthyl xanthate, 3. Gold-perillyl 




Figure 3.7. A. FT-IR spectra of Potassium hexylxanthate (1), gold hexyl xanthate 
nanoparticle (2), silver hexylxanthate nanoparticle (3).  
(111) 
(200) (220) (311) 


























Figure 3.7.B FT-IR spectra of Potassium menthylxanthate (1), gold 





Figure 3.7.C. FT-IR spectra of potassium perillylxanthate (1), gold 
perillylxanthate nanoparticle (2), silver perillylxanthate nanoparticle (3). 
 













Figure 3.8.A. 1HNMR spectra of Potassium hexylxanthate in CD3OD (1), gold hexyl 














Figure 3.8.B. 1HNMR spectra Potassium menthylxanthate in CD3OD (1), gold 
menthylxanthate nanoparticle (2) and silver menthylxanthate nanoparticle (3) in 
































Figure 3.8.C. 1HNMR spectra of potassium perillylxanthate in CD3OD (1), gold 

















Figure 3.9. 1HNMR spectra of potassium perillylxanthate (1), gold 














Figure 3.10. Reduction of perillylxanthate by NaBH4 
m/z
MSHX01_080825125305 #45-46 RT: 1.36-1.39 AV: 2 SB: 2 0.32-0.35 NL: 2.62E5
T: - c ESI Full ms [100.00-2000.00]


























551.0399.1 1874.11818.7552.0425.0 1047.5732.9 1515.11388.9866.3 1608.8 1692.1922.8197.1 1249.9542.7 1093.5 1956.1801.1688.3
 
Figure 3.11.A (–C) ESI-Mass spectra gold hexylxanthate nanoparticles 
m/z
MSSHX1 #65-66 RT: 2.01-2.05 AV: 2 SB: 2 0.34-0.38 NL: 4.09E5
T: - c ESI Full ms [50.00-2000.00]































567.1 730.9669.1 1486.3473.0228.7 589.2 742.2 1244.5846.7 1323.3919.276.9 994.8 1198.1143.3 1071.4 1582.1 1678.71465.4 1843.4 1957.71786.0
 
Figure 3.11.B. (–C) ESI-Mass spectra of silver hexylxanthate nanoparticles. 
MSMX01 #49-50 RT: 1.47-1.50 AV: 2 SB: 3 0.22-0.28 NL: 1.72E5
T: - c ESI Full ms [100.00-2000.00]






























263.2 584.3 953.0662.1 754.6 1399.1824.6 902.4 1567.6 1615.6 1906.81168.11014.7 1996.61835.51768.01294.9 1456.2441.7198.9
 




MMSMX1 #98-99 RT: 2.90-2.93 AV: 2 SB: 2 0.61-0.64 NL: 6.62E5
T: - c ESI Full ms [50.00-2000.00]


























527.0 605.0339.1 908.9832.9151.3 757.1




Figure 3.11.D. (–C) ESI-Mass spectra of silver menthylxanthate nanoparticles. 
MSPX01_081022152327 #55 RT: 1.59 AV: 1 SB: 1 1.98 NL: 1.30E6
T: - c ESI Full ms [50.00-2000.00]




























795.4 885.6533.6 580.5 639.5205.3 417.3 966.7 1071.1 1126.0 1175.1 1290.2 1392.5472.8389.4284.7 1475.41343.6201.6152.895.0
Figure 3.11.E. (–C) ESI-Mass spectra of gold perillylxanthate nanoparticles. 
 
MSSPX1_081104123953 #78-79 RT: 2.28-2.31 AV: 2 SB: 2 0.77-0.80 NL: 1.71E6
T: - c ESI Full ms [50.00-2000.00]


























275.1 792.8565.6 622.6523.7 936.8 962.4824.9742.0662.3 869.2 914.6294.8163.0 724.2195.0 495.2441.7389.3 762.9310.7139.0
 
Figure 3.11.F. (–C) ESI-Mass spectra of silver perillylxanthate nanoparticles. 






























Figure 3.12. TEM images of Au-menthylxanthate nanoparticles (1) and 

















Figure 3.13. Size distribution histograms of nanoparticles. (1) Au-menthylxanthate 
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Table 3.1 Assigned peaks in ESI-MS spectra of potassium xanthate 
 Hexyl xanthate Menthyl xanthate Perillyl xanthate 
Gold nanoparticles 2.5 2.0 2.6 
Silver nanoparticles 23 3.1 2.8 
 




 Parent peak Other peaks 
Au-hexylxanthate NPs (HX)2Au: 551 Losing one CS2: 475 
Losing two CS2: 399 
Ag-hexylxanthate NPs (HX)2Ag: 463 (M+1), 462 (M) Losing one CS2: 386 
Losing two CS2: 310 
Losing one HX: 285 
Au-menthylxanthate 
NPs 
(MX)2Au: 659 Losing one CS2: 583 
Losing two CS2: 507 
Two MX: 462 
Two MX lose one CS2: 
386 
One MX: 231 
Ag-menthylxanthate 
NPs 
(MX)2Ag: 570 Losing one CS2: 494 














Size measurement method Au-menthylxanthate NPs Au-perillylxanthate NPs 
XRD 2.0 2.6 
TEM 3±0.5 3.5±0.5 
  
Table 3.4 Particle sizes (nm) mesured by XRD and TEM method. 
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CHAPTER 4. CHIRAL FUNCTIONALIZATION OF 




Chiral alcohols are available with low price from both natural and commercial 
sources. A great number of applications have been reported utilizing these alcohols 
not only in chemistry but also in biology and pharmacy. Menthol is a typical natural 
alcohol obtained from peppermint or other mint oils which has been used as a 
resolving agent for acids1, and a chiral auxiliary for Diels-Alder reactions2, 3. 
Moreover, it can also be used as an analgesic compound4. Perillyl alcohol is a 
monoterpene found in small concentrations in essential oils of lavendin, peppermint, 
spearmint, sage, cherries, etc. Many animal studies have shown perillyl alcohol to be a 
very powerful chemotherapeutic agent against several cancer types including 
pancreatic, breast, and liver cancer5, 6. In this part of dissertation, we use these two 
chiral alcohols as precursors to prepare chirally modified gold nanoparticles. 
Alcohols cannot be used for direct capping reactions with gold to make 
nanoparticles because they are “hard” whereas gold is “soft”. Therefore, the only way 
to functionalize gold nanoparticles with chiral alcohols is the coupling of alcohols and 
pre-prepared functionalized gold nanoparticles. Figure 4.1 shows the steps in 
functionalization of gold nanoparticles with chiral alcohols. Mono-dispersed and 
stable Gold-ligandA nanoparticles are synthesized first. Chiral alcohol B is then 
linked to A-capped AuNPs via a coupling reaction. Besides the capping group (e.g. 
thiol), ligand A should have another functional group that can easily react with the 
target chiral alcohol B. There are three factors that should be considered when 
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selecting ligand A. Firstly, ligand A must be a good stabilizing agent. Secondly, the 
end-chain function should be stable during the formation of gold nanoparticles. 
Finally, the end-chain functional group can react with chiral alcohol B in a mild 
condition system which will not affect the stability of ligandA-capped AuNPs and 
chirality of alcohols. Templeton et al. reported the reactions of ω-functional groups on 
AuNPs which are SN2 substitution of ω-bromoalkanethiolated NPs with primary 
amines7 and amide/ester coupling reactions of amines/ alcohols with ω-carboxylic acid 
groups8, 9. Coupling with ω-carboxylic acid seems to be the most promising choice to 
attach chiral alcohols to AuNPs. 
11-mercapto-undecanoic acid (MUA), HS(CH2)10COOH, should be a good 
ligand A as it has a -SH and a -COOH group on the two ends of a long alkyl chain. 
Thiol, according to previous work, is usually a good stabilizing group for AuNPs10. 
The carboxylic acid group (-COOH) is stable with NaBH4 but can be transformed to 
carboxylate (-COO-) due to the basic environment in the preparation of AuNPs11 . 
Chiral alcohols like menthol or perillyl alcohol can react with carboxylic acids to 
produce esters products. The esterification can be conducted in mild conditions by 
utilizing BOP as a reagent12-14. Figure 4.2 schematically illustrates the steps in the 




4.2.1 MUA-capped gold nanoparticles 
- UV/Vis spectroscopy 
Figure 4.3 shows the UV\Vis spectrum of MUA-capped gold nanoparticles in 
DMF. The particles exhibit one strong absorption band around 536nm. 
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The UV/Vis spectrum of MUA-capped gold nanoparticles shows a strong and 
clear band at 536nm. This means that the prepared AuNPs are highly soluble in DMF 
and the particles size is in the 2-25nm range. The high solubility of MUA-capped 
AuNPs in DMF can be explained by the presence of the –COOH group. Due to 
hydrogen bonding between –COOH and solvent, the nanoparticles are solvated and 
dispersed in the medium. The fact that MUA-capped AuNPs are not soluble in 
common solvents used for NMR analysis, i.e. benzene, chloroform, dichloromethane, 
DMSO, acetone and methanol, makes them difficult to be analyzed by NMR 
spectroscopy but they can still be used for the coupling reaction in a homogeneous 
media with DMF as solvent. 
 
- X-Ray Powder Difraction 
Figure 4.4 shows XRD pattern of MUA-capped AuNPs. The solid shows clear 
peaks at around 380, 440, 650, 780 and 820. 
XRD patterns give only information about the metal core of nanoparticles. A 
gold crystal has face-centered cubic (fcc) structure15-17 and shows XRD patterns with 
peaks at around 380, 440, 650, 780 which are indexed as the (111), (200), (220), and 
(311) reflections, respectively. Depending on the crystallinity of the crystal, XRD 
patterns can be broad (amorphous, semicrystal) or sharp (ordered crystal). Moreover, 
crystal size also affects the shape of XRD patterns. Small crystals always have 
“particle size broadening” phenomenon due to intrumental or residual stress effects18. 
If the particle is large enough, the broading effect is reduced and hence the XRD 
pattern is obtained with sharp peaks. 
Based on Scherer’s equation: D=0.9λ/Bcosθ, where β is the peak width 
measured at half intensity (radians); D is the diameter of nanocrystal (Å), the average 
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particle size is determined as 7.2 nm. This size is expected because it agrees with 
UV/Vis spectroscopy result and previous works using a one-phase synthesis 
method19-21. The XRD pattern shows relatively sharp peaks, even for the (200) plane. 
This means that MUA-capped AuNPs are highly oriented. 
 
- FT-IR spectroscopy 
Figure 4.5 shows FT-IR spectra of MUA and MUA-capped AuNPs. Spectral 
data can be summarized as: 
- MUA: ν (cm-1): broadband 3500-2500, 2918, 2849, 1699, 1433, 1294, 939, 
721 
- MUA-AuNPs: ν (cm-1): broadband 3500-2500, 2917, 2848, 1707, 1465, 
1286, 947, 723 
IR bands come only from the organic parts of the metal nanoparticles. In 
some cases, the metal core can contribute to the vibrations of the ligand attached on it 
but these effects often lead to a narrow shift in the IR spectrum. Free MUA is 
characterized by –COOH function that gives high intensity C=O band around 
1700cm-1, C-O band around 1200cm-1 and a very broad band with range 
3500-2500cm-1 of -OH group. The bands at 2900 cm-1 are the feature of C-H 
stretching; the bands at 1400cm-1 and below 1000cm-1 can be assigned for C-H 
bending and C-C stretching vibrations. The S-H band which is often at 2500cm-1 with 
low intensity is overlapped in the FT-IR spectrum of MUA.  
MUA-capped AuNPs have an FT-IR spectrum comparable to the one of MUA. 
Although the carboxylic acid group can interact with gold, the effect of the gold core 
on the vibrations of –COOH is almost ignorable. As we can see, the IR spectrum of 
MUA-capped AuNPs has bands of OH and C=O stretching vibrations similar to the 
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original spectrum of MUA. The intensity of the C-O band is lower but the band 
position is exactly the same.  The similarity between the IR spectra of the free ligand 
and nanoparticles confirm the structure of MUA-capped gold nanoparticles. 
 
- ESI-Mass spectroscopy 
Figure 4.6 shows the ESI-Mass spectrum of MUA-capped gold nanoparticles. 
The spectrum shows two peaks: m/z = 168.7 and 241.5.   
ESI-Mass spectroscopy uses a soft method of ionisation and very little 
residual energy is retained by the analyte upon ionization and hence little 
fragmentation is produced. In ESI-MS, the ions observed may be quasimolecular ions 
created by the addition of a proton (a hydrogen ion) and denoted [M + H]+, or of 
another cation such as sodium ion, [M + Na]+, or the removal of a proton, [M − H]−.22 
The parent peak m/z = 241.5 in the ESI-Mass Spectrum can be assigned to 
[MUA+Na]+. The other peak is a fragment of MUA after ionization and can be 
interpreted as MUA losing the sulfur atom and one water (H2O) molecule. Apparently, 
this ESI-Mass spectrum is proof for the incorporation of MUA on gold nanoparticles. 
 
- Elemental analysis 
From the elemental analysis, the weight percentage of elements is: C, 25.81; H, 
4.16; S, 6.54. By arbitrarily assume the weight proportion of H is 1, the relative 
weight proportion between elements is C, 6.20: H, 1: S, 1.57. MUA (without one H 
atom, HOOC-(CH2)10-S-) has the calculated relative weight proportion between 
elements as C, 6.28: H, 1: S, 1.52. Apparently, the elemental analysis result is well fit 




4.2.2 Esterification of MUA-capped gold nanoparticles 
4.2.2.1 Explanation on esterification reaction and characterization technique 
Esterification using BOP reagent is a mild process to prepare esters. The 
yield of this reaction is normally around 70-80% for simple organic compounds and 
may be lower for AuNPs; therefore, some –COOH functions on the gold surface 
remain unreacted. This leads to difficulty to obtain useful information from analytical 
techniques which require high purity like Mass spectroscopy. NMR spectroscopy can 
give valuable information in normal esterification of organic compounds; however, it 
is not convenient to be used in this case of esterification. The reasons are: 
i) AuNPs obtained are not highly soluble in common solvents used for NMR 
spectroscopy 
ii) 1HNMR spectroscopy will provide messy spectra with overlapped peaks if the 
alcohol contain only alkane C-H bonds which is similar to MUA.  
iii) 13CNMR spectroscopy is desired for ester analysis; however, it is not convenient 
to obtain a 13CNMR spectrum for AuNPs because of the very low sensitivity of this 
spectroscopy. We measured overnight scans for AuNP samples but often cannot see 
peaks in the spectra. 
FT-IR spectroscopy, on the contrary, is an effective method to characterize 
ester products. The C=O bands in esters always lie at higher frequency and are 
distinguishable from C=O bands of corresponding carboxylic acids. This can be 
explained as the carboxylic acids in solid or liquid state exist as dimers due to strong 
hydrogen bonding. The C=O group in dimerized saturated aliphatic acids absorbs in 
the region of 1720-1706cm-1 whereas the C=O absorpbtion band of saturated aliphatic 
ester is from 1750-1735cm-1.23  We utilize FT-IR spectroscopy to characterize the 




In order to optimize the conditions for esterification, menthol was chosen to 
prepare esters with MUA-capped AuNPs. Figure 4.7 shows the solution to increase 
the esterification yield. The reason for the low yield is the competition between 
carboxylate and alcohol to react with phosphonium A. (Figure 4.2). 
Carboxylate react with phosphonium A to give anhydride product. In fact, 
anhydride can react with alcohol at high temperature to produce ester. However, when 
the reaction temperature increases, phosphonium A will be decomposed to the less 
reactive benzotriazolyl ester B and hence the esterification process is terminated. The 
solution for this problem is introducing a catalyst to transform anhydride to ester at 
low temperature. DMAP, which is reported as a “super acylation catalyst”24 was used 
together with BOP to catalyze the reaction. Combination of DMAP and BOP as the 
catalyst has been reported in the total synthesis of 4-Epi-A83586C25. 
Figure 4.8 gives FT-IR spectra of MUA-capped AuNPs (1), ester product 
without using DMAP (2) and ester product with using DMAP (3). As we can see in IR 
spectrum of the  product obtained without using DMAP, the peak at 1808.5cm-1 is 
characteristic of the C=O group of anhydride whereas the peak at 1724.5 cm-1 is of the 
ester.. The presence of these two peaks validates the mechanism proposed in Figure 
4.7 in which there is a competition between the formation of anhydride and ester. 
When using DMAP, the anhydride peak disappears in spectrum 3 (Figure 4.8) and the 
product is the desired ester. 
 
4.2.2.2 Results 
- UV/Vis spectroscopy 
Figure 4.9 shows UV/Vis spectra of MUA-AuNPs, Menthyl-MUAt-AuNPs, 
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and Perillyl-MUAt-AuNPs measured in DMF. The absorption bands are 536nm, 
547nm, and 559nm, respectively. 
According to Mie’s theory, the polarizability of a spherical object in vacuum 



















where a and εp are the radius and complex dielectric function of the sphere, 
respectively. The optical extinction cross section Cext for particles which are much 
smaller than the incident wavelength can be related to their polarizability, and 








kkCext +=  
where k is the wavevector, Im denotes the imaginary part of α. 
When the particles are larger, the optical extinction and hence the absorbance 
of the same concentration solutions also increase. If the solutions under investigation 
do not have same concentration, red-shift bands still can be observed. 
As we can see, the clear and strong bands in UV/Vis spectra of ester products 
prove the presence of gold nanoparticles. After esterification, the particle sizes are 
slightly larger than the starting reactant MUA-capped AuNPs and this is demonstrated 
by the red-shift of plasmon bands. The reason of particle enlargement after a 
post-reaction may come from the increasing of diffusion due to stirring for long 
reaction time. When being stirred, the particles collide and come close to each other. 
Some particles which are very close to each other can have attractive force surpassing 




- FT-IR spectroscopy 
Figure 4.10 shows the FT-IR spectra of MUA-capped AuNPs (1), 
Perillyl-MUAt-AuNPs (2), and Menthyl-MUAt-AuNPs(3). 
Spectral data can be summarized as: 
- MUA-AuNPs: ν (cm-1): 1707 (C=O), 947 (C-O) 
- Perillyl-MUAt-AuNPs: ν (cm-1): 1733 (C=O),1169 (C-O) 
- Menthyl-MUAt-AuNPs: ν (cm-1): 1724 (C=O),1170 (C-O) 
Esters have two highly polar bonds (C=O and C-O) and these bonds produce 
the strongest bands in the spectrum26. The C-O band appearing in the 1000-1200cm-1 
range of spectrum is similar to both esters and carboxylic acids. However, the C=O 
band of esters is distinguishable from the C=O band of carboxylic acids. The position 
of C=O band in IR spectra of esters varied in 1720cm-1 - 1735cm-1 range and lies at 
higher frequency than the one of the corresponding carboxylic acid (1707cm-1). This 
frequency shift is evidence for the formation of esters products.  
 
4.3 Discussion 
The esterification mechanism of MUA-capped AuNPs sketched in Figure 
4.2.B shows that the reaction of a carboxylic acid with BOP will generate a very 
reactive phosphonium intermediate A, which under normal conditions is transformed 
to the less reactive benzotriazolyl ester B. Alcohols R’OH which are poor 
nucleophiles and unreactive toward B will react only with the highly electrophilic 
species A. Hence for ester formation, conversion of A to B needs to be slowed down 
i.e. the existence of intermediate A needs to be prolonged so that it gets a chance to be 
intercepted by the alcohol. Additionally, the use of excess reagents (R’OH) may also 
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help drive the reaction to completion.  
Thus, upon addition of BOP to a premixed solution of MUA-AuNPs and 
excess alcohol in DMF, the temperature of the reaction system should be kept not 
higher -100C. By conducting the reaction at low temperatures, the existence of 
intermediate A is ensured. By using excess alcohol and having it present even before 
the coupling reagent is added, the chances of trapping intermediate A with R’OH as 
soon as it is formed are maximized. In an alternate experiment, MUA-AuNPs were 
pre-stirred in DMF with BOP at RT for 15 min to allow for conversion of A to B, and 
this was followed by treatment with excess alcohol. Not surprisingly, only unreacted 
starting material was detected under these conditions. This lends support to our 
proposition that alcohols will react only with phosphonium ester intermediate A and 
will not with benzotriazolyl ester B. 
From all the analytical results, it is conclusive that MUA-capped gold 
nanoparticles and the two ester products with L-menthol and (S) - (-) - perillyl alcohol 
were formed. UV/Vis and XRD analysis showed that MUA-capped gold nanoparticles 
have size around 7nm. This size is larger than MUA-capped AuNPs prepared at room 
temperature by the Brust-Schiffrin method of Kim et al.27 In many similar works, gold 
nanoparticles prepared by one-phase synthesis often have size larger than 
corresponding ones prepared by two-phase methods19-21. The synthesized 
MUA-capped AuNPs can only dissolve in DMF while the one of Kim et al. are 
soluble in alcohols after acidification. This may be because of the presence of TOAB 
contaminant which cannot be washed completely from gold nanoparticles28. The 
residue of the phase transfer reagent, TOAB would help the MUA-Au NPs to dissolve 
in some organic solvents more easily than those prepared by one-phase method without 
using TOAB. UV\Vis spectra of ester AuNPs showed red shift of plasmon band 
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compared to MUA-capped AuNPs. This is the evidence for the increasing of 
nanoparticle size after esterification29, 30. At this time, it is not conclusive about the 
effect of a post modification reaction on size changing of gold nanoparticles31, 32. 
Vigorous agitation of the solution for 15 hours in esterification can be the reason for the 
increasing size of the gold nanoparticles. FTIR spectra demonstrated the success of 
coupling MUA-capped AuNPs with alcohols. Depending on the structure of alcohols, 
the IR peak of C=O stretching vibration in ester products can vary in range 
1720-1780cm-1 whereas the C=O peak of carboxylic acid lies in 1680-1710cm-1 
range33. The obtained results fit well with those in literature. 
The esterification using BOP as reagent can proceed well with primary or 
secondary alcohols like S-perillyl alcohol and L-menthol in this work. However, the 
reaction cannot occur if alcohol is tertiary, or if the hydroxyl (OH-) group is blocked 
by bulky substituents. The reason for this phenomenon is that phosphonium A (Figure 
4.2) has a bulky group on C=O and that steric effect favors unhindered alcohols12.  
The obtained gold nanoparticles are highly soluble in DMF but insoluble in 
nonpolar or less polar solvents such as toluene or chloroform. For applications like 
catalysis, this property makes the nanoparticles easy to remove and recycle from the 
reaction by introducing a nonpolar solvent into the system34. 
 
4.4. Conclusion 
We investigated the ability to introduce chiral alcohols onto gold nanoparticles. 
Using esterification is a versatile method to link alcohols to the pre-prepared 
MUA-capped AuNPs. The role of the catalysts used was clarified by a control 
experiment. The successful the formation of ester products was demonstrated using IR 
spectroscopy. The success of this reaction creates the route for the attachment of 
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primary and secondary alcohols onto metal nanoparticles. Moreover, this approach 
may be used for coupling of amines to make amides or for the esterification of 
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Figure 4.1. Indirect chiral functionalization of gold nanoparticles 
 
A. Synthesis MUA stabilized Gold Nanoparticles 
AuCl4-(aq) + HS(CH2)11COOH (methanol) → [-AuIS(CH2)11COOH-]n (aq, methanol) 
[-AuIS(CH2)11COOH-]n (aq, methanol) + NaBH4 (aq) → Aux[S(CH2)11COO-Na+]y 
Aux[S(CH2)11COO-Na+]y + H+ (aq) → Aux[S(CH2)11COOH]y + Na+ 
B. Esterification 
 






























Figure 4.3 UV/Vis spetrum of MUA-capped AuNPs. 
 































Figure 4.5. FT-IR spectra of MUA (1) and MUA-capped AuNPs (2). 
 
 




Figure 4.7. DMAP catalysis to increase reaction yield. 
 
Figure 4.8. FT-IR spectra of MUA-capped AuNPs (1), ester product without using 












































CHAPTER 5. CHIRAL FUNCTIONALIZATION OF 
MECAPTOUNDECANOL-CAPPED GOLD NANOPARTICLES 
5.1  Introduction 
(S)-(+)-1,1’-Binaphthyl-2,2’-diyl hydrogenphosphate (BDHP)  is a chiral 
phosphoric acid and has been used as a catalyst for asymmetric synthesis or reagent to 
resolve chiral bases. Its complex with palladium is commonly used in 
hydrocarboxylation reactions of olefins1 while its rhodium complexes can mediate the 
asymmetric dipolar cycloaddition of diazo compounds2. A number of racemic amines 
which have proven difficult to separate have been resolved with this chiral 
acid3. Moreover, it also can be used in a chiral Bronsted acid catalyzed 
enantioselective Mannich reaction4. It is ideal to attach BDHP on the surface of gold 
nanoparticles to modify its properties. Up to now, there are no reports related to 
introduction of BDHP onto surface of gold nanoparticles.  
Phosphates (hydrogen phosphates) are unable to be used for direct capping 
reaction with gold to make nanoparticles because they “hard” bases while gold is the 
“soft” acid; therefore, the only way to functionalize gold nanoparticles with a chiral 
phosphate is coupling phosphate with pre-prepared functionalized gold nanoparticles. 
Because phosphate is a less reactive function, the possible reaction is esterification of 
phosphate with an alcohol. This approach requires preparation of alcohol-terminated 
gold nanoparticles and uses them for the esterification afterwards.  
 11-Mercaptoundecanol (MUO) is a good choice for synthesis of 
HO-end-chain AuNPs because the thiol –SH is usually a good function to protect 
gold5. However, direct synthesis of AuNPs from HAuCl4 and MUO via one-phase or 
two-phase methods produces aggregated AuNPs. The reason for the aggregation of 
AuNPs is the intermolecular hydrogen bonding interactions between different Au 
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nanoparticles6. Therefore, HO-AuNPs can only be prepared via ligand exchange in 
which MUO is exchanged with dodecanthiol or octanethiol to make mix 
ligand-capped gold nanoparticles. The role of dodecanthiol or octanethiol is to assist 
AuNPs solubility in organic solvents and hence they can react homogenously with the 
desired phosphate reagent.  
6-Mercaptohexanol (MCH) is another usable capping agent which also has 
thiol and alcohol functions7. MCH having 6 carbons on its chain was used to 
investigate the effect of chain length on the yield of esterification. 
Figure 5.1 illustrates the steps to produce MUO-capped gold nanoparticles. 
Step 1 is the preparation of dodecanthiol or octanethiol gold nanoparticles. This can 
be done by Brust-Schiffrin method which uses TOAB as phase transfer catalyst and 
toluene as solvent. Step 2 is the ligand exchange reaction of MUO. The solvent used 
in this reaction should be the same solvent for the esterification to ensure that the 
AuNPs after exchange reaction are still soluble and can react homogenously with the 
phosphate reagent. According to previous work, AuNPs begin to aggregate when the 
terminal –OH functionality of the protecting ligands reach 40% or higher6, 8, 9. 
Therefore, the time of exchange reaction should be optimized to prevent aggregation 
while still ensurring maximum ligand exchange.  
Figure 5.2 proposes the esterification mechanism of 
(S)-(+)-1,1’-Binaphthyl-2,2’-diyl hydrogenphosphate with pre-prepared MUO-capped 
AuNPs. The esterification of HO-AuNPs and phosphate should be conducted in inert 
atmosphere using triphenylphosphine/CCl4 as catalyst. 
5.2. Results 
5.2.1 Preparation of Dodecanethiol- and octanethiol- gold nanoparticles 
- UV/Vis spectroscopy. 
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Figure 5.3 shows the UV/Vis spectra of dodecanethiol- and octanethiol-gold 
nanoparticles measured in CH2Cl2. Both dodecanethiol- and octanethiol-AuNPs 
exhibit absorption band around 520nm. 
Gold nanoparticles prepared in a biphasic system by Brust-Schiffrin method 
often have rather small size10. Although their size can be controlled by many factors 
including i) ratio between Au and thiol, ii) ratio between AuCl4- and Sodium 
borohydride, iii) the temperature of the formation of gold nanoparticles, the final 
products often have size less than 3nm11. Based on previous reported works12-14, we 
arbitrarily chose 2:1 thiol: Au and 10:1 BH4-:AuCl4- ratios. 
Due to the small size of obtained AuNPs, UV/Vis spectra shows very broad 
bands around 520nm (Figure 5.3). The chain length of thiol (12C of dodecanethiol 
and 8C of octanethiol) does not considerably affect the particle size.   This result can 
be validated by investigating XRD patterns of these AuNPs. 
 
- X-ray Diffraction. 
Figure 5.4 shows the XRD patterns of dodecanethiol- and octanethiol-gold 
nanoparticles. The solids show clear peaks at around 380, 650, 780 and low intensity 
peaks at 440 and 820. 
XRD patterns shows broad bands characteristic of lattices (111), (220), and 
(311) at around 380, 650, 780, respectively. These lattices are the feature of 
face-centered cubic (fcc) structure of gold crystals15-17. The (200) and (222) 
reflections also belong to fcc structure although their intensity is rather low. The 
particle size can be estimated by using Scherer equation with B is full width at half 
maximum of the peak (111)18. Dodecanthiol-AuNPs and octanthiol-AuNPs have 
average size of 2.5nm and 2.8nm, respectively. These small sizes agree with the very 
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broad bands in the UV/Vis spectra. Octanethiol-AuNPs have a slightly bigger size 
than dodecanthiol-AuNPs because octanethiol has a shorter carbon chain than 
dodecanethiol. AuNPs with shorter chain capping agents have a higher potential to 
aggregate; therefore octanethiol is less effective than dodecanethiol in slowing down 
growth of nanoparticles13.  
 
- FT-IR spectroscopy. 
Figure 5.5 and 5.6 shows the IR spectra of free dodecanethiol, octanethiol and 
corresponding AuNPs. Spectral data can be summarized as: 
- Dodecanethiol: ν (cm-1) 2966, 2925, 2854, 2574 (weak),1466, 721. 
- Dodecanethiol-AuNPs: ν (cm-1) 2966, 2922, 2851, 1466, 722. 
- Octanethiol: ν (cm-1) 2969, 2928, 2873, 1467, 723. 
- Octanethiol-AuNPs: ν (cm-1) 2954, 2919, 2848, 1457, 718. 
The similarity between IR spectra of free thiol and AuNPs is the sign for the 
success of nanoparticle formation. Dodecanethiol or octanethiol is characterized in IR 
spectra by three strong bands at around 720cm-1, 1465cm-1, 3000cm-1 and one very 
weak band at ≈2600cm-1. The bands around 2600cm-1 belong to S-H stretching 
vibration and will disappear in IR spectra of thiol-AuNPs as in Figure 5.5 and 5.6. 
Conversely, the rest three strong bands corresponding to C-S stretching, C-H bending 
and C-H stretching vibrations of free thiol will remain in IR spectra of AuNPs13. By 
comparing the two IR spectra of free thiol and corresponding AuNPs, we can confirm 




Figure 5.7 and 5.8 shows the 1HNMR spectra of 1-dodecanethiol and 
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1-octanethiol with corresponding AuNPs. The spectral data can be summarized as: 
- Dodecanethiol-AuNPs: δ (300MHz, CDCl3, ppm): 0.887 (3H, CH3), 1.272 
(22H, (-CH2-)11). 
- Octanethiol-AuNPs: δ (300MHz, CDCl3, ppm): 0.882 (3H, CH3), 1.278 
(14H, (-CH2)7). 
The Brust-Schiffrin method is a facile method to prepare gold nanoparticles. 
However, according to previous work, the product is not pure due to the introduction 
of the phase transfer reagent (TOAB) which can not be completely washed from gold 
nanoparticles. Schiffrin reported a purification process by using Soxhlet extraction to 
remove TOAB from dodecanethiol-stabilized AuNPs19. A typical process used to 
remove TOAB is evaporating toluene until 5-10ml solvent is left and adding a lot of 
ethanol to precipitate AuNPs at -180C. We found that after the reduction of AuCl4- by 
sodium borohydride, if the reaction mixture was kept at room temperature overnight, 
AuNPs did not disperse in ethanol afterwards. This process is similar to the Oswald 
ripening20, 21 and leads to the ease of washing AuNPs by ethanol to remove TOAB.  
1HNMR spectroscopy is a useful tool to assess the purity of AuNPs. The peak 
at 0.9ppm is a feature of -CH3 whereas the rest bands are of –(CH2)- chains. The 
integrals fit well with the structure of dodecanethiol and octanethiol and this means 
that AuNPs are covered by dodecanethiol or octanethiol. Thus, the product is 
relatively pure and ready for the ligand exchange reaction. 
 
5.2.2 MUO and MCH ligand exchange. 
- UV/Vis spectroscopy. 
Figure 5.9 shows the UV/Vis spectra of MUO-AuNPs and MCH-AuNPs 
measured in CH2Cl2. All of samples exhibit absorption bands around 520nm. 
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The ligand exchange reaction was controlled so that AuNPs after binding with 
MUO or MCH remain soluble in dichloromethane (CH2Cl2). Due to the high 
solubility, AuNPs can exhibit plasmon resonance in UV/Vis spectra. UV/Vis spectra 
of ligand exchange products shows plasmon bands at around 520nm which is 
characteristic of gold nanoparticles. It seems that the particle size does not change 
significantly after ligand exchange reaction and hence the absorption band is still very 
broad. This agrees with previous work on ligand exchange reactions22, 23.  
 
- FT-IR spectroscopy. 
Figure 5.10 shows FT-IR spectra of dodecanethiol-MUO-AuNPs, 
octanethiol-MUO-AuNPs and dodecanethiol-MCH-AuNPs. Spectral data can be 
summarized as: 
- Dodecanethiol-MUO-AuNPs: ν (cm-1) 3421(O-H), 2920, 2850, 1459, 1049 
(C-O), 719 
- Octanethiol-MUO-AuNPs: ν (cm-1) 3431(O-H), 2920, 2850, 1457, 1051 
(C-O), 720 
- Dodecanethiol-MCH-AuNPs: ν (cm-1) 3334(O-H), 2919, 2848, 1465, 1051 
(C-O), 722. 
Ligand exchange reaction was conducted in which a maximum amount of 
MUO and MCH linked up to AuNPs without aggregation. Dodecanethiol has a higher 
capability to protect AuNPs than octanethiol, thus the exchanged MCH and MUO on 
dodecanthiol-AuNPs is expected at higher quantity than on octanethiol-AuNPs. FT-IR 
spectroscopy can demonstrate the presence of MUO or MCH on AuNPs and 
qualitatively show their relative amount between samples. The difference between 
MUO or MCH and dodecanethiol or octanethiol is the existence of C-O and O-H 
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bonds. The stretching bands of C-O and O-H bonds appear around 1050cm-1 and 
3500cm-1, respectively, in the IR spectra. Comparing the intensity of C-O stretching 
band (around 1050cm-1) to C-H bending band (around 1460cm-1), the extent of ligand 
exchange is found to be: Octanethiol-MUO-Au <Dodecanethiol-MUO-Au< 
Dodecanthiol-MCH-Au. MCH has rather short chain length compared to dodecanthiol; 
therefore, the remaining dodecanethiol can still protect the AuNPs from aggregating 
even if a large amount MCH was exchanged. On the contrary, MUO has longer chain 
length than octanethiol and hence causes the obtained AuNPs to easily aggregate via 




Figure 5.11 shows the 1HNMR spectra of dodecanethiol-MUO-AuNPs, 
octanethiol-MUO-AuNPs and dodecanethiol-MCH- AuNPs measured in CDCl3. 
Spectral data can be summarized as: 
-  Dodecanethiol-MUO-AuNPs: δ (300MHz, CDCl3, ppm): 3.632 (CH2-O), 
1.268 (CH2), 0.885 (CH3) 
-  Octanethiol-MUO-AuNPs: δ (300MHz, CDCl3, ppm): 3.621 (CH2-O), 
1.261 (CH2), 0.887 (CH3) 
-  Dodecanethiol-MCH-AuNPs: δ (300MHz, CDCl3, ppm): 3.650 (CH2-O), 
1.264 (CH2), 0.882 (CH3) 
1HNMR spectra of MUO or MCH are characterized by the appearance of 
CH2-O peak at around 3.6ppm. Information on the extent of ligand exchange reaction 
can be obtained by comparing the integration of CH2-O band with the methyl band of 
dodecanethiol or octanethiol (R-CH3). Figure 5.12 illustrates the composition of 
dodecanthiol-MUO-AuNPs. The extent of ligand exchange is measured by the ratio 
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between MUO and dodecanethiol on the surface of AuNPs (x). The number of 
hydrogen of CH2-O is 2x while the number of hydrogen of R-CH3 is 3. Therefore, the 
area of (CH2-O) band and the (R-CH3) band is proportional to 2x and 3, respectively. 








x = 0.45 = 45% 
Table 5.1 lists the extent of ligand exchange for all three products. This result 
agrees with the prediction by IR spectroscopy. Dodecanthiol can protect the AuNPs 
well although there are nearly 50% of MCH on the gold surface. However, these 
dodecanthiol chains can also cover the OH- group of MCH and reduce the reactivity 
of OH- group with bulky phosphate molecules in the esterification. 
 
5.2.3 Esterification of MUO and MCH-capped gold nanoparticles with 
(S)-(+)-1,1’-Binaphthyl-2,2’-diyl hydrogenphosphate. 
-
 31PNMR spectroscopy. 
Figure 5.13 shows the 31PNMR spectra of (S)-(+)-1,1’-Binaphthyl-2,2’-diyl 
hydrogenphosphate and the ester AuNPs. The peaks of phosphorus are at 5.967ppm 
for hydrogenphosphate, -12.946ppm and -12.833ppm for ester AuNPs of 
dodecanthiol-MUO and octanethiol-MUO, respectively. The last spectrum shows no 
peaks. 
NMR spectroscopy is the most useful tool to characterize the formation of 
phosphate triester. 31PNMR can be used to distinguish between hydrogen phosphate 
(RO)2P(O)OH and phosphate triester (RO)3PO. Hydrogen phosphate (RO)2P(O)OH 
often has chemical shift higher than 0ppm whereas a negative value is expected for a 
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phosphate triester.  
O=P(OR)3 -20 to 0 ppm 
(RO)2P(=O)OH 0 to 20 ppm 
 
This can be explained as following: Carbon is more electronegative than phosphorus, 
but less than oxygen. In consequence, carbon substitution on oxygen increases the 
electron density at oxygen and results in less electron density withdrawal from 
phosphorus in the case of O=P(OR)324. 
As we can see, BDHP has one 31P signal at 5.967ppm whereas 
dodecanthiol-MUO-ester AuNPs and octanethiol-MUO-ester AuNPs have peaks at 
-12.946 and -12.833ppm, respectively. In the case of dodecanethiol-MCH-AuNPs, no 
peaks in the spectrum means that the esterification did not take place or the yield is 
very low. Apparently, the long chain dodecanethiol blocks the OH groups and limits 




Figure 5.14 shows the 1HNMR spectra of ester AuNPs. Spectral data can be 
summarized as: 
-  Dodecanethiol-MUO-ester AuNPs: δ (300MHz, CDCl3, ppm): 7.87-7.64 
(aromatic H), 3.621 (CH2O), 1.265 (CH2) 0.884 (CH3). 
- Octanethiol-MUO-ester AuNPs: δ (300MHz, CDCl3, ppm): 7.53-7..47 
(aromatic H), 3.620 (CH2O), 1.300 (CH2) 0.848 (CH3). 
The presence of peaks around 7.4-8ppm in 1HNMR spectra which belong to 
hydrogen on aromatic rings is proof for the success of the esterification. Peaks at 





1HNMR spectra can provide information to calculate the yield of 
esterification. From the average chain number of MUO on dodecanethiol-AuNPs and 
octanethiol-AuNPs obtained above, we can calculate the number of MUO chains that 
underwent the esterification. Figure 5.15 typically shows the composition of the 
dodecanethiol-MUO-ester procducts. y is the number of ester chain on the gold 
nanoparticle. The number of hydrogen of CH2-O is 2(x-y) while the number of 
hydrogen of R-CH3 is 3 
The area of CH2O band and the R-CH3 band in 1HNMR spectra is 
proportional to 2(x-y) and 3, respectively. x= 0.45 for dodecanethiol-MUO-AuNPs as 








y = 0.14 
Thus, yield of reaction between dodecanethiol-MUO-AuNPs and BDHP is 
0.14/0.45.100%=31%. Similarly, yield of reaction between octanthiol-MUO-AuNPs 
and BDHP is 43% (with y =0.13, x=0.3).Apparently, the long chain dodecanethiol 
affects the yield of esterification. 
 
- Elemental analysis. 
Table 5.2 shows the elemental analysis results of Dodecanthiol-MUO-ester 
AuNPs and octanethiol-MUO-ester-AuNPs. 
From Figure 5.15 in which x and y were determined from 1HNMR spectra, we 
can calculate the ratio of C, H, S, and P of the two products and then compare with the 
EA result to evaluate the agreement of calculated and experimental data. Table 5.3 
shows two columns which are the calculated weight ratio of elements extracted from 
1HNMR spectra and the experimental weight ratio of elements obtained from 
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elemental analysis. EA results relatively agree with the calculated values 
- UV/Vis spectroscopy. 
Figure 5.16 shows the UV/Vis spectra of dodecanethiol-MUO-ester-AuNPs 
and octanethiol-MUO-ester-AuNPs. Both dodecanethiol-MUO-ester AuNPs and 
octanethiol-MUO-ester AuNPs exhibit broad plasmon bands around 520nm. 
The particle sizes and solubility in a nonpolar solvent like dichloromethane are 
not considerably affected by esterification. From 1HNMR spectroscopy results above, 
the reaction yield is not high; therefore the physical properties of the product after 
esterification almost resemble MUO-AuNPs.  
 
5.3. Discussion 
The esterification of HO-AuNPs and phosphate uses triphenylphosphine/CCl4 
as catalyst. PPh3/CCl4 has ability to convert carboxylic acids and oxophosphoric acids 
to correspondent acid chlorides25. 
PPh3 + CCl4 + R2P(O)OH R2P(O)Cl  + CHCl3 + Ph3P=O 
R=Alkyl, aryl, alkoxyl
 
Acid chlorides have much higher reactivity to react with alcohols to produce ester. 
The complete equation for the esterfication is 
 
PPh3 + CCl4 + R2P(O)OH + R’OH                      R2P(O)OR’ + Ph3PO + CHCl3 
 
R’OH = HO-AuNPs 
 
Triphenylphosphine in the presence of CCl4 forms an ion pair by a direct interaction 
between the phosphorus atom and a halogen atom26. Though this ion pair has not yet 
been demonstrated, its existence as an intermediate is shown by all the subsequent 





however, some unchanged triphenylphosphine still present even if excessive CCl4 has 
been employed. Some previous works reported the reaction between 
triphenylphosphine with the ion pair in which dechlorination occurs to yield 
(dichloromethy1ene)phosphorane27 and the dichlorophosphorane28. 
Ph3P CCl3
+
Cl- + Ph3P Ph3P CCl2 + Ph3PCl2
(4) (5)
 
Because of this, it is logical to maintain the molar ratio of triphenylphosphine and 
tetrachloromethane at 1: 1. Otherwise, any alteration made to the above stoichiometry 
might result in the formation of inactive phosphorylating agents.  Furthermore, 
because of very rapid formation of ion pair, it seemed advisable to mix the two 
components only in the presence of the substrate. This can be done, for example, by 
adding the easily measurable CCl4 to a premixed solution of triphenylphosphine and 
substrate. Meanwhile, triethylamine should be added to remove the side product 
hydrochloric acid and increase the yield of the reaction. 
From the analytical results, it is concluded that MUO-capped AuNPs and two 
ester products with BDHP were formed. The broad and low intensity bands in all 
UV/Vis spectra showed that gold nanoparticles have small size whether before or after 
ligand exchange reaction and esterification29, 30. For dodecanethiol and octanethiol 
AuNPs, the sizes determined by XRD are 2.5nm and 2.8nm, respectively, as expected 
for synthesis in two phases12, 31. At this time, it is not conclusive about the effect of a 
post modification reaction on size changing of gold nanoparticles32, 33. Because the 
reaction time for both ligand exchange and esterification was not long, we could expect 
that the particle size did not change considerably. FTIR spectroscopy proved to be a 
very useful analytical technique to qualitatively validate the presence of MUO or MCH 
after ligand exchange. The high intensity peak of C-O stretching at around 1050cm-1 is 
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distinguishable from other peaks coming from C-H bending and C-C stretching in the 
finger region of IR spectrum34. 1HNMR spectroscopy, on the other hand, can be used to 
quantify the yield of ligand exchange and esterification. Fan et al. also mentioned about 
using 1HNMR to determine the relative amount of the two ligands of MUO-capped 
gold nanoparticles6. This is based on measuring the integration of the methylene proton 
resonance (R-CH2-OH at 3.6ppm) against the methyl resonance of the dodecanthiol 
(R-CH3 at 0.9ppm) alkyl chains. Similar procedure was applied for calculation of the 
esterification yield. The protons of BDHP are aromatic protons; their chemical shift is 
at 7-8ppm and hence the resonance of these protons does not affect the integration. 
After esterification, some O-H groups reacted; therefore the ratio between the two 
integrations is lower than before reaction. By comparing the two ratios, we can obtain 
the yield of the esterification reaction. 31PNMR spectra confirmed the success of 
esterification. Hydrogen phosphate (RO)2P(O)OH has a chemical shift from 0-20ppm 
whereas a phosphate triester has chemical shift from -20-0ppm24. The obtained results 
fit well with the chemical shift values reported in literature. Elemental analysis was 
used as an independent test to determine the formation of ester and yield of the 
reaction. The agreement of EA data with calculated results from 1HNMR is another 
proof that BDHP was linked to MUO-capped AuNPs.  
The final structures of the obtained ester gold nanoparticles are: Aun 
(dodecanethiol)(MUO)0.31(phosphateester)0.14 and Aun(octanethiol)(MUO)0.17  
(phosphate ester)0.13. Dodecanethiol or octanethiol makes the nanoparticles soluble in 
nonpolar or less polar organic solvents like toluene, chloroform, dichloromethane, etc. 
MUO and phosphate esters are more polar than dodecanethiol and octanethiol and 
hence they can make the nanoparticles soluble in polar solvents such as acetone, 
ethanol, and methanol. According to Glogowski et al., the presence of the mixed 
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ligands on gold nanoparticles can make the nanoparticles assemble at the interface of 
toluene-water mixtures when this system is vigorously shaken. The illustration of 
interfacial assembly of mixed ligand gold nanoparticles is shown in Figure 5.17. 
Consequently, the nanoparticles encapsulate water droplets in a continuos oil phase or 
oil droplets in a continuous water phase. This assembly makes the nanoparticles 
suitable as functional materials for encapsulation and controlled release8. 
 
5. 4. Conclusion 
We investigated the ability to introduce BDHP onto gold nanoparticles. Using 
Ph3P/CCl4 as a catalyst, we successfully linked BDHP to MUO-capped gold 
nanoparticles to make ester products at low temperature. Although the esterification 
yield is rather low (30%-50%), the ester AuNPs can be redispersed in nonpolar 
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Figure 5.2.   Esterification mechanism of (S)-(+)-1,1’-Binaphthyl-2,2’-diyl 














Figure 5.3 UV/Vis spectra of dodecanethiol- and octanethiol-gold nanoparticles 

















































































































































































































































Figure 5.9. UV/Vis spectra of MUO-AuNPs and MCH-AuNPs measured in CH2Cl2. 
 
Figure 5.10 FT-IR spectra of dodecanethiol-MUO-AuNPs (1), 












































































Figure 5.11.C. 1HNMR spectra of dodecanethiol-MCH- AuNPs. (*) solvent 
Figure 5.11. 1HNMR spectra of dodecanethiol-MUO-AuNPs, 
octanethiol-MUO-AuNPs and dodecanethiol-MCH-AuNPs 
 
 










Figure 5.13. 31PNMR spectra of (S)-(+)-1,1’-Binaphthyl-2,2’-diyl 
hydrogenphosphate(A), dodecanethiol-MUO-ester AuNPs(B), octanthiol-MUO-ester 










































Figure 5.14 1HNMR spectra of dodecanethiol-MUO- ester AuNPs (A) and 






































































Table 5.1 Extent of ligand exchange. 
 
Sample C% H% S% P% 
Dodecanthiol-MUO-ester AuNPs 17.45 2.83 4.69 0.35 
Octanethiol-MUO-ester-AuNPs. 15.21 2.54 2.97 0.4 
 







Dodecanthiol-MUO-ester AuNPs 50 : 8.5 : 11 : 1 49 : 8 : 13 : 1 
Octanethiol-MUO-ester-AuNPs. 37 : 6: 10: 1 38 : 6.5 : 8 : 1 
 











Vibrational circular dichroism (VCD) spectroscopy is a chiroptical technique 
which can be used to determine the absolute configuration of a sample without the need 
to grow single crystals1-4. The information obtained from the experimental spectrum is 
often compared with calculated spectra of possible conformers.  
Basically, conformers can differ by rotations about one or more sigma bonds. One 
conformer can convert to another conformer by rotation around single bonds without 
breaking those bonds. Different conformers have different energies due to steric repulsion 
and electronic effects of groups on the molecule. Consequently, VCD spectra of 
conformers differ significantly. In theory, the most stable conformer contributes most to 
the structure of molecule and hence its VCD spectrum is the most similar one compared 
to the experimental spectrum. It is necessary to calculate the energy of every possible 
conformation to determine the most stable conformer. To do that, geometry optimization 
is necessary before doing VCD calculations. The optimization results can be validated by 
comparing with crystallographic data. The optimized conformer will be the object for 
VCD calculations afterwards.  
VCD spectroscopy was recently utilized to characterize chirality of cysteine 
derivative AuNPs5-8. Previous work showed that VCD calculations using Density 
Functional Theory (DFT) provide comparable VCD spectra to experimental data9.  In this 
chapter, VCD spectra of AuNPs and AgNPs are initially predicted by computation to 
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build up a general procedure for VCD calculation of similar products in the future. L-
menthylxanthate AuNPs and AgNPs are chosen due to following reasons: 
- L-menthylxanthate AuNPs/AgNPs are the only molecules which have well 
defined structure. The other chiral nanoparticles such as  perillylxanthate AuNPs/AgNPs 
(chapter 3) or ester AuNPs (chapter 4 and 5) have mixed capping agents and hence this 
makes the calculation of these molecules complicated. 
- Menthol and menthylxanthate are the only pair having crystallographic data 
which are the references for conformation analysis. This is crucial because all 
calculations must be compared with these data to evaluate the fitness between 
computation and practice. 
- Menthol and menthylxanthate have fewer conformers than other capping agents. 
Therefore, the calculation can be performed in an appropriate period of time. 
The route to predict VCD spectra of L-menthylxanthate AuNPs/AgNPs is 
summarized as follows: 
- Calculate the optimized equilibrium geometries and energies of menthol 
conformers and determine the most stable conformer. The factors which affect the 
difference of energy between conformers will be analyzed. Calculated VCD spectrum of 
menthol will be compared with the one in literature to evaluate the validity of the 
calculation. 
- Calculate the optimized equilibrium geometries and energies of  
menthylxanthate conformers and determine the most stable conformer. Some factors 
extracted from the calculation of menthol were applied to reduce the number of possible 
conformers. VCD spectrum is also calculated. 
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- Calculate the optimized geometry, energy and VCD spectra of L-
menthylxanthate AuNPs and AgNPs. The difference of VCD spectra between pure L-
menthylxanthate and capped AuNPs/AgNPs will be analyzed. 
All of calculations were performed using the Gaussian 98 program. 
Peak assignment in spectra is expressed by conventional symbols as summarized 
in Table 6.110. Besides the basic vibrations, we also use symbol “s” and “as” for 
symmetric and asymmetric stretching, scissoring (deformation), rocking, twisting, and 
wagging for bending vibrations. Figure 6.1 implies normal modes of vibration. 
 
6.2. Results and discussion 
6.2.1 Menthol 
 - Calculation methodology. 
Menthol is formed by attaching three groups (methyl, isopropyl, and hydroxyl) 
onto the cyclohexane ring. In principle, the chair conformation of cyclohexane is more 
stable than the boat or the twist conformations11. To find the most stable conformer, the 
input geometry of menthol should be the chair conformation. Because of the flexibility of 
attached groups (rotation) and the ring (inversion), menthol has a great number of 
conformations. For isopropyl and hydroxyl, each group can rotate and give three possible 
isomers. In total, nine conformers can be obtained if all substituents are equatorial or 
eighteen conformers if both equatorial and axial positions are considered for the chair 
conformation. In fact, the conformers with axial groups are not as stable as those with all 
equatorial subsituents. For example, the conformation of methylcyclohexane with an 
axial methyl group is less stable than the conformation with an equatorial methyl group 
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by 7.28kJ/mol12. Thus, the contribution of menthol conformers which have all axial 
substituents  to the structure of one menthol isomer is negligible. 
To distinguish the conformers, we use the “gauche” and “anti” nomenclature.  
Figure 6.2 shows one conformer of L-menthol. Based on the relative position of H25 and 
H21, H15 and H9, the conformer is defined as gauche+ (g+), anti (a) or gauche- (g-) which 
corresponded to 600, 1800, and -600, respectively, of torsion angles (H25-C22-C12-H21) and 
(H15-O14-C8-H9). Thus, the conformer of L-menthol in Figure 6.2 is defined as g-a. 
Geometry optimization and energy of each L-menthol conformer were calculated 
by DFT using Becke3LYP functional and 6-31G(d,p) basis set. At this time, the “hybrid” 
functionals introduced by Becke13 is the most accurate and B3LYP is probably the most 
commonly used14. The 6-31G(d,p) basis set was selected for atoms in first and second 
rows15.  
- Conformations. 
Table 6.2 shows nine conformers of L-menthol after optimization and 
corresponding energies for every conformer. In each case, the starting conformer was 
constructed to have an ideal conformation which was then optimized. The energy 
calculated by Gaussian is given in “atomic unit” or a.u. 1 a.u. of energy is often called a 
Hartree and is equal to 4.3597482.10-18J16. The relative energy between conformers is 
calculated as following: 
- Energy of the most stable conformer is arbitrarily assumed as 0. 
- Relative energies of other conformers are: 
1000
..)/( ANHEmolkJRE ∆=  
where ∆E is the energy difference, H is a Hartree (J), NA is the Avogadro number. 
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As we can see, two conformers having lowest energy are g-a and g-g+. In these 
two conformers, the isopropyl group has gauche- conformation in which the torsion 
angles (H25-C22-C12-H21) after optimization are -69.450 and -65.510, respectively. The 
other conformer which has gauche- isopropyl group is g-g- . This conformer also has 
relatively low energy compared to the rest conformers. The reason for the high stability 
of these conformers is the least steric interaction of hydroxyl –O14-H15 with H25. When 
the isopropyl group is rotated to other conformations, H25 is replaced by –CH3 group 
(either -C23H26H27H28 or –C24H29H30H31) and the environment becomes more crowded. 
The two most unstable conformers are ag-  and ag+. Not surprisingly, when the isopropyl 
group has the anti conformation, the bulky –CH3 interacts strongly with hydroxyl -OH 
and hence reduces the stability of these conformers. This result fits well with the 
crystallographic data of menthol in which the torsion angle of H25-C22-C12-H21 is -64.970. 
A similar result can be obtained in which g+a is the most stable conformer of D-
menthol17. We only performed the calculation for the most stable conformer (g+a) of D-
menthol. Figure 6.3 shows the modeling of g+a D-menthol (the labels in D-menthol are 
different from those of L-menthol). The conclusion extracted from conformational 
analysis of L-menthol also agrees with D-menthol calculation. Not surprisingly, 
conformer g+a has the lowest energy because the interaction between hydroxyl (O30-H31) 
and isopropyl groups is less significant than in other conformers.  
To evaluate the validity of the calculation, we compare the obtained VCD 
spectrum of g+a D-menthol to the one in literature17 ( Figure 6.4). As we can see, these 





 - Calculation methodology. 
Menthylxanthate is more complicated than menthol due to the substitution of one 
H atom by a -CS2- group. Rotations of isopropyl, -OCS2-, and -CS2- groups will provide 
27 different conformers if all substituents are equatorial. Figure 6.5 shows the typical 
conformers of L-menthylxanthate (left) and D-menthylxanthate (right). 
From the conformational analysis of menthol, we know that when the isopropyl 
group is at gauche- position for L-menthol and gauche+ position for D-menthol, the 
conformer is more stable. Similar conclusion can be drawn from observation of L-
menthylxanthate and D-menthylxanthate. When H is replaced by a very bulky group -
CS2, the steric interaction between xanthate and isopropyl is more severe. Therefore, 
isopropyl group in L-menthylxanthate and D-menthylxanthate should be at gauche- and 
gauche+ position, respectively,  to minimize the interaction. Furthermore, the torsion 
angles of (C8-O14-C31-S33) in L-menthylxanthate and  (C10-O30-C31-S33) in D-
menthylxanthate should be approximately 1800 to reduce the interaction of sulfur with H 
(isopropyl). This analysis agrees with X-ray crystallographic information and previous 
calculations of alkyl xanthates18, 19. Eventually, we have 3 conformers for each 
menthylxanthate enantiomer by rotating C8-O14CS2K bond and C10-O30CS2K bond of L-
menthylxanthate and D-menthylxanthate, respectively. 
Geometry optimization, energy and VCD calculation were performed using the 
same method as menthol which is DFT/B3LYP/6-31G(d,p). The selection of B3LYP 
functional is based on the work of Hellstrom et al. who studied the vibrational properties 
of alkyl xanthates using LDA and B3LYP functionals20. According to the authors, the 
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usage of B3LYP did not increase the accuracy of the calculated vibrational frequencies; 
however, B3LYP needed to be used to get correct energy values. The nomenclature of 
“gauche” and “anti” is still used while noting that xanthate replaces H in menthol. 
- Conformations. 
Table 6.3 shows conformers and energies of L-menthylxanthate after 
optimization. In each case, the starting conformer was constructed to have an ideal 
conformation which was then optimized. Relative energies were calculated by using the 
similar method mentioned in conformational analysis of menthol. Geometry optimization 
of both g-g- and g-g+ L-menthylxanthate give the same conformation and energy. This 
energy is lower than the calculated energy of conformer g-a, thus the optimized 
conformer of g-g+ and g-g- is the most stable one and will be the object for VCD 
calculation. The torsion angle of (C8-O14-C31-S33) is 179.380 which agrees with the above 
analysis of L-menthylxanthate conformation. The torsion angles of isopropyl and OCS2- 
group fit well with crystallographic data of other molecules having menthylxanthate in 
their structure. Table 6.4 shows conformers and energies of D-menthylxanthate after 
optimization. Similar results were obtained when investigating the conformations of D-
menthylxanthate. The optimized conformers of g+g- and g+g+ are identical and more 
stable than the g+a conformer. After optimization, the CS2 group still retains its 
symmetric properties as the length of C-S bond is the almost the same for both sulfur 
atoms (Table 6.5). The small difference in the magnitude of the C-S bonds is similar to 
other xanthates.  Tienkink et al.21 explained this phenomenon in methylxanthate 
(CH3OCS2) as due to the close approach of a hydrogen atom bound to the R substituent to 
one S atom that leads to the presence of an intramolecular S---H interaction. 
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- Absorption spectra. 
Both L-menthylxanthate and D-menthylxanthate give the same IR spectrum 
shown in Figure 6.6. The experimental IR spectrum of potassium L-menthylxanthate is 
also provided for comparison. In practice, potassium menthylxanthate easily absorbs 
moisture in air and hence it is very difficult to dry it completely. The presence of water 
may affect the vibrational frequencies, especially for polar bonds. Although the 
experimental IR spectrum does not have high quality as broad bands can be seen, the 
bands are comparable with the calculated IR spectrum. Both spectra have C-H stretching 
bands appearing around 3000cm-1, C-O stretching + C-S stretching at around 1000-1200 
cm-1+ C-H bending bands around 1300-1500cm-1.  
Figure 6.7 shows the 800-1500cm-1 range IR spectrum of L-menthylxanthate. 
Assignment of high-intensity peaks is listed in Table 6.6. The high intensity peaks come 
from stretching vibrations of C-S and C-O bonds because these are the most polar bonds 
in the molecule. Bending vibrations of C-H bonds contribute little to the IR spectrum of 
the molecule because they are nonpolar bonds. This is similar to the result of Hellstrom et 
al. where the authors studied the vibration properties of heptylxanthate20. 
-VCD spectra 
VCD spectra of L-menthylxanthate and D-menthylxanthate are shown in Figure 
6.8. The arbitrary assignment of numbers correspond to the numbering used in the IR 
spectrum (Fig 6.7). Peak assignment is the same for absorption spectra (Table 6.6). VCD 
spectra show opposite signs for the D- and L- isomers and will cancel out each other if 




6.2.3. Gold and silver-menthylxanthate nanoparticles 
 - Calculation methodology. 
Metal nanoparticles comprise tens or hundreds of atoms22-24 and hence the entire 
nanoparticle is too large for calculation. Based on the fact that vibrations of a molecule 
are a local property, such calculations can be performed on a representative model. For 
example, Burgi et al.25 replaced the Pd surface by 3 Pd atoms to simulate the adsorption 
of 2-propoxide on the metal surface. Neurock at al. performed a series of calculations on 
Pd1, Pd2, Pd4 cluster models to establish the effects of cluster size. The author claimed 
that small clusters can, in many cases, capture the essential features of the surface and 
provide reliable predictions of the spectral information26. For gold nanoparticles, Au4 and 
Au8 clusters have been used to study N-Isobutyryl-cysteine-capped Au NPs6, 27.  The 
authors argued that the structure of the gold cluster does not have a large effect on the 
simulated VCD spectra, while the conformation of the adsorbed molecule has larger 
influence. In practice, the time consumption for calculation of AuNPs will greatly 
increase when applied for large clusters. For the sake of simplicity and to save time, we 
constructed metal-menthylxanthate models with one Au or Ag atom. The optimized 
conformers of g-g--L-menthylxanthate and g+g+--D-menthylxanthate were used in which 
one Au/Ag atom was attached to the molecules. Geometry optimization, energy and VCD 
calculation were performed by DFT using the B3LYP functional. The basis set 6-
31G(d,p) was used for C, H, O, S atoms and LanL2DZ basis set for Au and Ag atoms28. 
- Conformations. 
Figure 6.9 and 6.10 shows the conformations of L-menthylxanthate and D-
menthylxanthate-Au and Ag, respectively, after optimization. Distances between sulfur 
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atoms and gold/silver are summarized in Table 6.7. The torsion angles of isopropyl and 
OCS2 group change by few degrees but the direction of those groups is similar to the 
original L- and D-menthylxanthate 
Both L-and D- conformers of Au/AgNPs have the same bond length for every 
corresponding bond. The conformers are still the enantiomer of each other after 
optimization and this confirms the validity of the calculation. C-S bond distances increase 
compared to those of pure menthylxanthate. In both Au and Ag nanoparticles, two sulfur 
atoms link to Au and Ag atoms in an asymmetric manner. Ihs et al.29 who studied the 
absorption of octylxanthate on gold surfaces proposed symmetric coordination of both 
sulfur atoms. However, Persson et al.30 suggested that xanthate ions can bind to the gold 
surfaces in two ways: bidentate bridging between two gold atoms or bidentate chelating 
to one gold atom. For the first mode, Mohamed et al.18 studied the structure of [Au2(n-
Butylxanthate)2] and claimed that the two sulfur atoms bind to two gold atoms at the 
same distance. For the second mode, Assefa et al. 31 claimed that  there is significant 
degree of asymmetry in the mode of coordination of the xanthate ligand in (Ph3P)2Au(S2-
COEt). The length of Au-S bonds in this complex is 2.530Å and 3.112 Å which are 
relatively similar to the calculated result (Table 6.7). For silver xanthate complexes,  
xanthate also coordinates to silver by two similar modes21. Orthorhombic crystals of 
(Ph3P)2Ag(S2-COEt) have Ag-S bond distances of 2.601Å and 2.684Å.32 These values fit 
well with the calculated Ag-S distances (Table 6.7). The calculation dealt with one gold 
or silver atom; therefore the optimized conformations must follow the second mode of 
coordination of xanthate in which it shows bidentate chelat on to the metal atom. In 
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future, a larger cluster of gold/silver could be used to further the understanding of the 
nature of xanthate-Au/AgNPs interaction. 
- Absorption spectra. 
IR spectra of L- and D-menthylxanthate-Au/Ag are shown in Figure 6.11 and 
6.12. Experimental IR spectra of L-methylxanthateAuNPs and L-menthylxanthateAg are 
also provided for comparison. All spectra have C-H stretching bands appearing around 
3000cm-1, C-O stretching + C-S stretching at around 900-1200 cm-1+ C-H bending bands 
around 1300-1500cm-1
.
The calculated IR spectra are comparable to the experimental 
ones.  
Figure 6.13 shows the 800-1500cm-1 range IR spectra of L-menthylxanthateAu 
and Ag. Assignment of high-intensity peaks is listed in Table 6.8 and 6.9. Similar to pure 
L-menthylxanthate, dominating peaks come from stretching vibrations of OCS2 group. 
Au- and Ag-L-menthylxanthate have nearly identical absorption spectra. This means that 
the nature of the transition metal does not affect considerably the vibration of the 
absorbed xanthate. This fact was proved by the work of Ihs et al. when the authors 
studied the absorption of ethylxanthate and octylxanthate on the surface of Au, Ag and 
Cu29, 33. Comparing IR spectra of L-menthylxanthateAu and Ag (Figure 6.13) with that of 
pure L-menthylxanthate (Figure 6.7), we can see the difference of absorption of OCS2 
group. L-menthylxanthate has two strong absorptions at 1053 and 1089 cm-1 which 
correspond to C-O-C and C-S stretching. L-menthylxanthateAu and Ag also have two 
strong absorptions at 950 and 1210cm-1 and  these peaks correspond to C-S and C-O-C 
stretching, respectively. The vibration of C-O-C stretching shifts to higher frequency 
while vibration of C-S stretching shift to lower frequency. The increase in length of C-S 
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bonds and decrease in length of C-O bond are attributed to the change of vibration 
frequency of OCS2 group. Both theoretical34 and experimental35 studies carried out on 
xanthate metal complexes obtained the same result. Mattes et al.36 discussed that the 
frequency of the ν(C-O-C) band is related to the resonance forms of the xanthate anion as 
illustrated in Figure 6.14. Ionic compounds such as sodium or potassium xanthate have 
the form I while transition metal xanthates have the form II because the coordination of 
sulfur atoms to the transition metal make oxygen become more electropositive. In 
resonance form II, the larger bond order of oxygen results in a larger O-C force constant 
that is reflected in a higher frequency for ν(C-O-C). 
-VCD spectra. 
Figure 6.15 and 6.16 shows the VCD spectra of L-and D-menthylxanthate-
Au/AgNPs. The arbitrary assignment of numbers correspond to the numbering used in IR 
spectrum (Fig 6.13). Peak assignment is shown in the spectra. 
Similar to absorption spectra, VCD spectra of menthylxanthate gold and silver  
are identical. Goldsmith and coworkers demonstrated that optical activity could arise 
from an achiral metal core perturbed by a dissymmetric field originating from the chiral 
organic shell37. Apparently, the nature of metal does not affect the chirooptical activity of 
the nanoparticle. VCD spectra of menthylxanthate gold and silver are different from 
those of pure menthylxanthate. As explained above, the presence of the transition metal 
changes the resonance form of OCS2 group and hence alters the vibration frequencies of 
C-O-C and C-S stretching. Gautier et al.38 who calculated the VCD spectrum of N-
Isobutyryl-cysteine protected AuNPs also found that the VCD spectrum of the NPs is not 
the same as the VCD of the pure capping agent because of the interaction of – COOH 
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group with Au atoms. Therefore, any change after the adsorption the capping agent on 
metal causes the VCD spectrum to become different.  
  As mentioned in the calculation methodology part, the model of metal cluster 
which has one metal atom can be a good representative for a nanoparticle. By calculating 
the VCD spectra of L-and D-menthylxanthate Au/AgNPs, it is concluded that these 
Au/Ag nanoparticles also exhibit chirality. The VCD spectraof the enantiomers show 
opposite sign and will cancel out each other if one spectrum is added to the other. 
Utimately, all of these spectra will need to be compared with the experimental data to 
confirm their validity. 
 
6.4. Conclusion 
Menthol, menthylxanthate and Au/Ag-menthylxanthate nanoparticles were 
subjects for calculations using DFT to produce optimized geometries, energies and VCD 
spectra. Based on the energy calculation, we determined the most stable conformer of 
menthol and factors that affect their stability. These factors were applied for the more 
complex menthylxanthate molecules to reduce the number of conformations that needed 
to be calculated. All of the IR spectra generated by computation agree with the 
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Figure 6.1. Normal modes of vibration. 
 
Figure 6.2 L-menthol conformer 
 

















































ν(C-S) + ν(C-O) 


























Figure 6.8 VCD spectra of L-and D-menthylxanthate in range 1500-800cm-1. The 
assignment of numbers correspond to the numbering used in IR spectrum (Fig 6.7) 
 





























* Notes: atom 34: Au, atom 32 and 33: S 











* Notes: atom 34: Ag, atom 32 and 33: S 
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δ(C-H) ν(C-O) + ν(C-S) 
















Figure 6.13. IR spectrum from 800-1500cm-1 of L-menthylxanthate-Au and -Ag 
 
 


















































δ(CH)  ν(CO) w  
ν(CO) w  



















ν(CO) w  
ν(CO) w  







Bending vibrations Torsion 
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78.32 179.69 - 468.37545269 2.17 
g+g+ 82.06 62.31 - 468.37491548 3.58 
g-a -69.45 177.66 - 468.37627910 0 
g+g- 
 
81.81 -44.15 - 468.37328079 7.87 
g-g+ -65.51 61.84 - 468.37568833 1.55 
aa -163.32 178.07 - 468.37342813 7.49 
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g-g- -63.23 -49.68 - 468.37507089 3.17 
ag+ -154.95 62.73 - 468.37263892 9.56 
ag- 160.35 -48.55 - 468.37132308 13.01 
 




























-59.02 178.97 -1302.31388811 26.68 
g-g+ 
 
-63.75 22.57 -1302.32405132 0.0078 
g-g- 
 
-63.76 22.96 -1302.32405449 0 
 

















58.95 -178.95 -1302.31388773 26.68 
g+g- 
 
63.65 -23.25 -1302.32405537 0 
g+g+ 
 
63.85 -23.20 -1302.32405444 0.0026 
 
Table 6.4. Conformations and energies of D-menthylxanthate. 
Bond L-menthylxanthate D-menthylxanthate 
C31-S32 1.70997 1.70994 
C31-S33 1.69500 1.69503 
 




Band Frequency (cm-1) IR Intensity Assignment 
1 934.779 22.7278 
δ(CH2 rock at C2)  
δ(CH2 rock at C10)  
δ(CH2 rock at C23)  
2 985.019 39.1963 
ν(symmetric at O14)  
ν(C12-C21) 
 
δ (CH2 wag at C16) 
3 1004.69 27.6518 
ν(C31-O14) 
ν(C1-C16) 
4 1020.67 58.3366 
ν(symmetric at O14) 
δ (CH2 wag at C16) 
5 1053.58 191.053 
ν(C31-O14) 
δ (CH2 wag at C23) 
δ (CCC rock at C10) 
6 1089.55 485.032 
ν(asymmetric C31S32S33, S fixed) 
ν(C31-O14) 
δ (CH2 wag at C22) 
7 1118.2 49.059 ν(C2-C8) 
8 1190.36 11.2864 δ (CH2 wag at C22, C23) 
9 1202.4 18.3403 
ν( asymmetric at C1) 
δ (CH2 wag at C16) 
 













C31-S32 1.72362 C31-S32 1.78053 C31-S32 1.72409 C31-S32 1.78053 
C31-S33 1.82222 C31-S33 1.77695 C31-S33 1.82177 C31-S33 1.77694 
Au34-S32 3.15179 Ag34-S32 2.6761 Au34-S32 3.14481 Ag34-S32 12.67616 
Au34-S33 2.42649 Ag34-S33 2.60858 Au34-S33 2.42775 Ag34-S33 2.60858 
Table 6.7 Bond distances of carbon and gold link to the two sulfur atoms of  
L- and D-menthylxanthate-Au/Ag. 
 
Band Frequency (cm-1) IR Intensity Assignment 
1 954.349 202.869 
ν(CS2 asymmetric at C31, S fixed) 
ν(C18-O14) 
δ (CH2 wag at C16) 
δ (CH2 rock at C10, C5, C2) 
2 1181.52 90.3546 
ν(C31- O14) 
ν(CCC asymmetric at C21) 
δ (CH2 wag at C16, C22) 
δ (CH2 rock at C5, C2) 
3 1210.35 582.202 
ν(C31- O14) 
δ (HCO scissoring at C8) 
 
Table 6.8 Peak assignment of L-menthylxanthate-Au 
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Band Frequency (cm-1) IR Intensity Assignment 
1 950.059 175.867 
ν(CS2 asymmetric at C31, S fixed) 
ν(C18-O14) 
δ (CH2 wag at C16) 
2 1181.79 78.318 
ν(C31- O14) 
ν(CCC asymmetric at C1) 
δ (CH2 wag at C16, C22) 
3 1211.95 518.083 
ν(C31- O14) 
δ (CH2 wag at C16) 
 
Table 6.9 Peak assignment of L-menthylxanthate-Ag 
 
